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Proteins and peptides are important labile organic matter supporting growth of 
microorganisms in seawater. Small peptides (<600 Da) are key intermediates linking 
protein degradation, nutrient regeneration and DON preservation. In this dissertation, 
hydrolysis and/or decomposition of small peptides in seawater are investigated from both 
chemistry and biology perspectives. From the chemistry perspective, a new HPLC-MS 
method was first developed to measure small peptides amended in seawater at nanomolar 
levels. This method offers an easy and quick protocol to measure peptide concentrations 
in seawater without desalting pretreatments and lowers the detection limit by two orders 
of magnitude over the traditional UV method. It provides an analytical foundation for the 
peptide detection. With this method, hydrolysis of plain peptide without fluorogenic tags 
and peptide analogs in seawater was compared to assess the reliability of using small 
plain peptides as proxies. While Lucifer Yellow Anhydride (LYA) tag did not influence 
peptide hydrolysis rates significantly in many cases, it did affect the peptide hydrolysis 
pathways and susceptibility of dipeptide bonds to enzymes. This result validates the 
advantages of using plain peptides to study peptide hydrolysis rates and pathways. 
Peptide hydrolysis pathways were evaluated further to quantify the relative roles of 
 viii 
different peptidases in seawater. Incubations of peptides with different chemical 
structures demonstrated that aminopeptidases prefer to cleave N-terminal hydrophobic or 
basic amino acids rather than polar uncharged or acidic ones in peptides. From the 
biology perspective, as bacteria are major consumer of labile organic matter such as 
peptides, linking bacteria communities and peptide decomposition using DNA-stable 
isotope probing is considered to explore peptide decomposition mechanisms. Different 
bacterial taxa were involved in peptide utilization between the normoxic and hypoxic 
seawater in northern Gulf of Mexico, offering insights into the biological roles of bacteria 
in organic matter decomposition and hypoxia formation. The potential role of microbes 
other than bacteria, such as protists, in peptide decomposition was also evaluated using 
size-fractioned seawater incubations, highlighting the need to include relatively large-size 
microorganisms in microbial loop to understand C and N cycles in ocean. This study 
examined peptide hydrolysis and decomposition in terms of overall rates, difference of 
pathways between environments, and interactions with different microorganisms, 
extending from bulk analysis of peptide degradation rates to detailed mechanisms 
including enzyme functions and microbial linkages. The results offer insights into labile 
organic matter cycling, microbial ecology, and nutrient regeneration in seawater, and also 
open more questions about the factors controlling the hydrolysis and decomposition 
patterns of labile organic matter, microbial behavior and functions in biogeochemical 
processes, and DON preservation mechanisms. 
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Chapter 1. Introduction 
Proteins and peptides play an important role in carbon and nitrogen cycles in 
marine environments, as they account for 25-70% of phytoplankton and zooplankton 
biomass (Lewis, 1973; Emerson and Hedges, 2008; Lopez et al., 2010). They can be 
released from marine biota through extracellular release by phytoplankton, “sloppy 
feeding” by grazers, leaching from fecal pellets, viral lysis, or bacterial transformation 
and release during degradation of organic matter (Carlson, 2002). Being labile dissolved 
organic matter (LDOM), proteins and peptides do not accumulate in natural waters, as 
only trace amounts are detected (Tanoue, 1996). For example, concentration ranges of 
dissolved combined amino acids (DCAA), including all hydrolysable proteins and 
peptides, are only about 0.2-4 μM in the coastal ocean (Bronk, 2002), which indicates 
that proteins and peptides are metabolized efficiently by microbes, and a balance is 
usually achieved between the production and removal of proteins and peptides. Although 
present in low concentrations in ambient seawater, proteins and peptides support a major 
portion of bacterial growth (Kirchman, 2008). With both carbon and nitrogen in the 
molecules, proteins and peptides serve as links of dissolved organic carbon (DOC) and 
dissolved organic nitrogen (DON) in the microbial loop that is crucial for nutrient 
regeneration.  
Proteins and peptides are primarily metabolized by heterotrophic bacteria 
(Sussman and Gilvarg, 1971; Hoppe, 1983; Pantoja et al., 1997; Foreman et al., 1998). 
The passive transport of substrates across bacterial cell wall and cell membrane is 
restricted to small compounds (Weiss et al., 1991; Cunha, 2010). For Gram-negative 
bacteria, proteins imbedded in outer membrane are known as porins (Payne and Smith, 
1994), and the channels formed by porins between the outer membrane and periplasmic 
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space serve as “molecular sieves” to allow substrates with molecular weight less than ca. 
600 Da to pass through them. To diffuse through porin proteins, proteins and large 
peptides must be first hydrolyzed to small peptides (<600 Da) outside the bacterial cell 
membrane. Hydrolysis is often considered to be a rate-limiting step for peptide 
remineralization (Meyerreil and Koster, 1992), although it can sometimes outcompete 
other processes during organic matter degradation (Arnosti, 2004).  
As important intermediates connecting protein degradation, nutrient regeneration 
and DON preservation (Fig. 1.1), small peptides can be incorporated into bacteria 
biomass, metabolized to carbon dioxide and ammonium, or released as DOM. To date, 
two mechanisms have been proposed to explain the utilization of small peptide by 
bacteria (Sussman and Gilvarg, 1971). A small peptide can be hydrolyzed first to amino 
acids outside the cytoplasmic membrane either by extracellular peptidases that are 
dissolved freely in the water or by ectoenzymes attached to the cell wall or in the 
periplasmic space of bacteria (Chróst,  1991; Sinsabaugh, 1994; Cunha, 2010). Then the 
free amino acids are actively transported across the cytoplasmic membrane and 
metabolized within the cell. Alternatively, small peptides are directly transported by 
permeases (peptide transporters) located in the cytoplasmic membrane. After being taken 
up by the bacterial cells, the peptides undergo intracellular hydrolysis for further 
metabolism. At present, no method can differentiate these two mechanisms. Thus, in the 
following chapters, the decomposition of small peptides includes both extracellular 
hydrolysis with subsequent uptake for further metabolism and direct uptake for 
intracellular hydrolysis by microbes. 
In marine environments, peptide hydrolysis studies rely mainly on peptide 
analogs with fluorogenic tags such as leucine-methyl-coumarinylamide (Leu-MCA) 
(Hoppe, 1983; Talbot and Bianchi, 1997) and Lucifer Yellow anhydride (LYA)-peptide 
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(Pantoja et al., 1997; Pantoja and Lee, 1999), because these fluorescent analogs can be 
detected easily with fluorometers. However, several studies suggested that the size and 
chemical structure of peptides or peptide analogs may affect the hydrolysis rate (Pantoja 
and Lee, 1999; Obayashi and Suzuki, 2005; Liu et al., 2010). For example, Leu-MCA is 
hydrolyzed at the same rate as LYA-dipeptide, but much slower than LYA-bonded large 
peptides, which was interpreted as the lack of dipeptidases (Pantoja and Lee, 1999), but 
this observation may be due to either the size difference between peptide dimers and 
longer peptides or the steric effect of the fluorescence tags. Thus, using the fluorogenic 
dimer to represent all peptides may underestimate the “true” hydrolysis rate. A model 
presented by Billen (1991) suggested the dominant role of aminopeptidases that cleave 
peptides from the N-terminus, whereas the important role of carboxypeptidases that 
cleave peptides from the C-terminus is demonstrated in another study (Hashimoto et al., 
1985). The LYA-peptide excludes hydrolysis by aminopeptidases, while Leu-MCA 
exclude hydrolysis by carboxypeptidase, so both analogs may bias the true peptide 
hydrolysis rate in seawater. Little work has been done on the plain peptide without 
fluorogenic tags except for some dipeptides and tetrapeptides (Kirchman and Hodson, 
1984; Mulholland and Lee, 2009; Liu et al., 2010), due to the difficulty in detecting plain 
peptides in low concentration and the limit of commercially available plain peptide 
standards. Therefore, more work is needed to investigate the hydrolysis rates and 
pathways of plain peptides that occur in natural forms in seawater. 
Since bacteria are major consumers of DOM, understanding how bacteria 
community responds to organic matter input, such as DOM released during primary 
production, is important to decipher their role in carbon and nitrogen cycles. As a 
byproduct of primary production in the ocean, DOM consists of different components 
such as proteins, carbohydrates and lipids. The interaction between bacteria and proteins 
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becomes especially conspicuous when an algal bloom occurs, which is frequent in coastal 
waters (Sellner et al., 2003). Previous studies have tested the role of different bacteria in 
processing organic matter through enrichment experiments in the laboratory. Bacterial 
community composition shifts in aquatic environments after amendment with different 
substrates (Eilers et al., 2000; Harvey et al., 2006; Murray et al., 2007; Teske et al., 
2011). For example, a large shift of bacterial community with time was observed in 
mesocosm tanks amended with diatom and Phaeocystis DOM (Murray et al., 2007), and 
Gammaproteobacteria became the dominant bacteria class in the Chesapeake Bay water, 
while Bacteroides became dominant in the lower Delaware Bay water after bovine serum 
albumin (BSA) amendment (Harvey et al., 2006). However, these studies only provide 
indirect evidence on the role of different bacteria types in peptide or protein 
decomposition based on changes of bacterial community structure after peptides or 
proteins were added. A few studies have linked specific bacterial groups directly with 
organic matter substrate decomposition in the seawater (Tabor and Neihof, 1982; 
Ouverney and Fuhrman, 1999; Cottrell and Kirchman, 2000; Gihring et al., 2009; Mayali 
et al., 2012). However, few studies have revealed which bacteria process small peptides 
directly. Resolving the question about “who is eating what” is necessary to understand 
the mechanisms of peptide decomposition and to trace the role of individual bacteria in 
the DOC and DON remineralization.  
A widely accepted idea about the dispersal of bacteria among microbiologists is 
“everything is everywhere, but environment selects”, since bacteria are small organisms 
and have large population size. Only two bacterial species, an uncultured 
Alphaproteobacterium and a member closely related to Pelagibacter ubique, are 
ubiquitously distributed globally (Fuhrman and Hagstrom, 2008). Species richness of 
bacteria was higher at low latitude (Pommier et al., 2007). Specific bacterial phylotypes 
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varying among different water masses in deep Arctic Ocean supports the emerging 
consensus for the existence of microbial biogeography (Galand et al., 2010). These 
results suggest that different aquatic environments select bacterial polygenetic groups 
living in the habitat. To adapt to seawater environment variations, bacteria have two 
lifestyles (Polz et al., 2006). One is the “opportuni-troph” lifestyle that usually exists in 
high-concentration substrate environment. Typical examples of organisms with this 
lifestyle consist of some fast-growing bacteria like Vibrio and Roseobacter. They sense 
food source chemically, move towards it actively and grow in bursts (Mouriño-Pérez et 
al., 2003; Voget et al., 2015). The other lifestyle is the passive oligotroph strategy 
commonly used by clades of Pelagibacter and Prochlorococcus. They efficiently use 
metabolic substrate because they are usually in environments with low substrate 
concentrations (Rappé et al., 2002; Polz et al., 2006). These two different lifestyles are 
also reflected in bacterial genomes. “Opportuni-trophs” are often associated with large 
and flexible genomes, while oligotrophs possess small and optimized genomes to 
increase metabolic efficiency. Labile small peptides can serve as a “feast” food source, 
and opportuni-trophic bacteria can probably grow in bursts when peptide input is large, 
such as during algal blooms. However, we still do not know if this group-specific use of 
DOM occurs generally in different seawater environments. 
Overall, our understanding of peptide hydrolysis and decomposition mechanisms 
and pathways in marine environments is limited. It is unclear how peptides are 
transported and cleaved by bacteria, how structural differences affect peptide hydrolysis, 
and what kinds of bacteria preferentially utilize peptides. In this dissertation with seven 
chapters, hydrolysis and/or decomposition of small peptides in seawater are addressed 
from both chemistry and biology perspectives, with Chapters 2-4 focusing on the 
chemistry aspect and Chapters 5-6 focusing more on the biology aspect. Chapter 1 
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provides general background information. In Chapter 2, a new-developed HPLC-MS 
method is introduced to measure small peptides added to seawater at nanomolar levels, 
which provides an analytical foundation for the peptide detection in the following 
chapters. In Chapter 3, hydrolysis of plain peptide and peptide analogs in seawater are 
compared to assess the reliability of using small plain peptides as proxies in this project. 
With the analytical method and peptide substrate established, peptide hydrolysis 
pathways are evaluated in Chapter 4 to understand the relative roles of different 
peptidases in seawater. As bacteria are major consumer of labile organic matter such as 
peptides, linking bacteria communities and peptide decomposition using DNA-stable 
isotope probing at different depths is discussed in Chapter 5 to explore peptide 
decomposition mechanisms from the biological angle. In Chapter 6, the potential role of 
microbes other than bacteria, such as protists, in peptide decomposition is evaluated using 
size-fractioned seawater incubations. In Chapter 7 the previous chapters are summarized 
and broad implications and future work are discussed.  
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Figure 1.1. A conceptual model of peptide metabolizing pathways in marine 
environments. 
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Chapter 2. A new method to measure small peptides amended in 
seawater using high performance liquid chromatography coupled with 
mass spectrometry 
(Published in Marine Chemistry 164 (2014): 16-24) 
ABSTRACT 
Quantifying peptide decomposition rate is crucial in understanding marine carbon 
and nitrogen cycling, because proteins and peptides constitute a major fraction of labile 
organic matter. However, analytical techniques of detecting small peptides in nanomolar 
levels in seawater are limited. A new method was developed to measure low 
concentrations of small peptides amended in seawater, using high performance liquid 
chromatography coupled with mass spectrometry (HPLC-MS). This technique reduces 
the detection limit of small peptides by two orders of magnitude relative to the common 
ultraviolet (UV) detection. A 6-way valve was added before the MS and the valve was 
programmed to guide the salt peak to waste before the peptide peak was introduced to the 
MS. Therefore, peptides amended in seawater were injected directly to the HPLC-MS 
without desalting pretreatment. This new method can detect as low as 0.23 pmol of 
tetrapeptide alanine-valine-phenylalanine-alanine (AVFA), a peptide fragment of 
Ribulose-1,5-bisphosphate carboxylase oxygenase (RuBisCO), with less than 5% 
precision (relative standard deviation). This method was applied successfully to 
determine decomposition rates of two small peptides, AVFA and serine-tryptophan-
glycine-alanine (SWGA), in coastal oceans, and first data of peptide hydrolysis rates 
using small plain peptides at lower than micromolar concentrations were obtained. 
Hydrolysis of AVFA and its fluorescent analog was also compared at such low 
concentration levels. This analytical method broadens our capability to examine the 
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biogeochemical behavior of small peptides, including their hydrolysis, decomposition, 
and other possible transformation processes in aquatic environments. 
 
INTRODUCTION 
Decomposition of proteins is an important link in marine carbon and nitrogen 
cycles, as proteins are major biochemical components in biomass of marine organism. 
For instance, proteins account for 25-70% of plankton biomass (Lewis, 1973; Emerson 
and Hedges, 2008; Lopez et al., 2010). Proteins can be released into seawater through 
“sloppy feeding” of zooplankton, leaching from fecal pellets, or viral lysis of bacteria 
(Lampert, 1978; Alldredge and Silver, 1988). To be metabolized by bacteria, proteins and 
large peptides must be hydrolyzed to small peptides (M.W. <600 Da) or free amino acids 
by extracellular enzymes (Benz, 1988; Weiss et al., 1991). Production of peptides has 
been detected during protein degradation in seawater (Hollibaugh and Azam, 1983; Nunn 
et al., 2003; Roth and Harvey, 2006). Through further bacterial decomposition, carbon 
and nitrogen in small peptides can be incorporated into bacteria biomass, released as 
dissolved organic matter (DOM), or respired into inorganic matter such as ammonium 
and carbon dioxide. Overall, small peptides are a key link in the conversion of labile 
proteins to DOM, ammonium, and carbon dioxide, and in the more general carbon and 
nitrogen cycles in marine ecosystems. 
To our knowledge, no individual small peptide has been detected in seawater due 
to their low concentrations and rapid turnover rate. Instead, studies on small peptides in 
marine environments have focused on incubations with amended peptide. However, only 
a few studies have used small plain peptides (i.e. native and unmodified peptide in 
contrast to peptide analogs with fluorogenic tags) to examine uptake or hydrolysis rates 
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due to the difficulty in detecting peptides in low concentrations (Kirchman and Hodson, 
1984; Mulholland and Lee, 2009; Liu et al., 2010, 2013). In these studies, either high 
concentrations of peptides (5-10 μmol·L-1) or isotope-labeled peptides were used. The 
typical approach to measure small peptide concentrations in seawater involves the use of 
high performance liquid chromatography (HPLC) with ultraviolet (UV) detection, yet 
this technique can only quantify relatively high concentration of small peptides due to 
low analytical sensitivity. For example, the detection limit of UV for analyzing peptide 
containing a chromophore amino acid, such as phenylalanine (F), is ca. 50 pmol with 
injection volumes of several hundred μL, corresponding to a concentration of 0.1-0.5 
μmol·L-1 (Liu et al., 2010). This range of values is much higher than ambient 
concentrations (nmol·L-1 or less) of individual proteins or peptides dissolved in seawater 
(Tanoue, 1995; Powell et al., 2005; Pantoja et al., 2009). Radioisotope-labeled peptides 
are difficult to synthesize and not available commercially. Measuring in-situ peptide 
hydrolysis in seawater has relied mostly on peptide analogs, such as leucine 
methylcoumarinylamide (Leu-MCA) or Lucifer yellow anhydride (LYA)-peptide, 
because their fluorogenic tags can be detected easily by fluorometry with low detection 
limits (Hoppe, 1983; Hoppe et al., 1988a; Pantoja et al., 1997; Talbot and Bianchi, 1997; 
Pantoja and Lee, 1999). However, it remains unclear whether the hydrolysis rates from 
these peptide analogs represent those of the plain peptides because of possible steric 
effects of the fluorogenic tags on the hydrolysis rates (Stevenson, 1994; Mulholland et 
al., 2003; Liu et al., 2010). Thus, methods are needed to measure low concentrations of 
small plain peptides in aquatic environments.  
Mass spectrometry (MS) has emerged as a compelling tool for identifying and 
quantifying proteins and peptides in natural samples due to its high sensitivity 
(Gharahdaghi et al., 1999; He et al., 2004; Marshall and Hendrickson, 2008; Ahn et al., 
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2012). HPLC and MS are often coupled for protein and peptide determination, as HPLC 
can separate the different proteins and peptides in mixtures before individual compounds 
are introduced to MS (Andren et al., 1994; Dai et al., 1999; Petritis et al., 2002; Delinsky 
et al., 2004; Damen et al., 2008; Liu et al., 2011b; Inoue et al., 2012). HPLC-MS has 
been used widely in protein and peptide identification in biomedical science, but this 
technique has not been applied in samples of seawater matrix, partially due to the trace 
background levels of peptides and proteins and partially due to the interference of sea 
salts (Curtis-Jackson et al., 2009). For example, proteins in seawater have to be 
concentrated and desalted using tangential flow ultrafiltration before the HPLC-MS 
analysis (Powell et al., 2005). 
Desalting is crucial for MS application, given the limited tolerance of MS to non-
volatile substances like sea salts. Sea salts can interfere with the mass spectrometry 
electrospray ionization source through either clogging the skimmer or suppressing 
ionization (Roboz et al., 1994; Niessen, 2006). But the desalting pretreatment for 
seawater samples is usually tedious and time-consuming, and involves issues of recovery 
efficiency (Gilar et al., 2001). To avoid non-volatile salt interference and the pretreatment 
procedure, Roboz et al. (1994) designed an on-line buffer removal and fraction selection 
method for typical peptides and proteins in the biomedical field through gradient 
capillary HPLC prior to electrospray MS, but this protocol was designed to desalt the 
buffer salt (potassium phosphate and tris-mix), which should be much easier than sea 
salts in a complicated seawater matrix.   
Here we present a new approach to measure small plain peptides amended in 
seawater in low concentrations using HPLC-MS with electrospray ionization. A 
programmable 6-way valve was added in the flow path right before the mass 
spectrometer, so the salt peak could be directed to waste before the peptide peak being 
 12 
introduced to the mass spectrometer. Thus, seawater samples can be directly injected to 
the system without desalting pretreatment. As one application, decomposition of two 
small peptides was tested using seawater incubation, and the first data were obtained on 
decomposition rates of small plain peptides in less than micromolar concentrations. 
Hydrolysis between peptide analog and plain peptide at less than micromolar levels was 
also compared to evaluate the potential effect of fluorescent tags on peptide hydrolysis.  
 
MATERIALS AND METHODS 
Materials  
Peptides alanine-valine-phenylalanine-alanine (AVFA) and serine-tryptophan-
glycine-alanine (SWGA) were synthesized and purified based on the protocol of Liu et al. 
(2010). AVFA is a fragment of Ribulose-1,5-bisphosphate carboxylase oxygenase 
(RuBisCO) that is ubiquitous in the photosynthesis, and SWGA was previously designed 
due to its strong fluorescence signal for detection purpose (Liu et al., 2010). The 
hydropathy indices of AVFA and SWGA are 10.6 and -0.3, respectively, so these two 
peptides represent a large range of peptides with different polarities. Peptide analog 
LYA-AVFA was synthesized through reflux of LYA dipotassium salt (4-amino-3,6-
disulfo-1,8-naphthalic anhydride dipotassium salt, Sigma) and AVFA in lithium acetate 
(reagent grade, Sigma) based on the protocol of Pantoja et al. (1993). Chemicals for 
mobile phase solvents include methanol (LC-MS grade, Fisher), acetonitrile (LC-MS 
grade, Fisher), ammonium acetate (AR grade, Mallinckrodt Baker), ammonium 
bicarbonate (AR grade, Mallinckrodt Baker), acetic acid (Glacial, AR grade, 
Mallinckrodt Baker), potassium hydroxide (AR grade, Mallinckrodt Baker), and sodium 
phosphate (monobasic anhydrous, NaH2PO4, ACS grade, VWR). Water was obtained 
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from an Ultrapure Water System (Barnstead, 18.2 Ω). Materials for peptide incubation 
and chemistry analysis included o-phthaldialdehyde (Sigma), HCl (Certified ACS plus, 
Fisher), HgCl2 (AR grade, Mallinckrodt Baker), formaldehyde (AR grade, Mallinckrodt 
Baker), SYBR Green II (Molcular probes), 0.2 μm pore size Nylon syringe filters 
(Whatman, diam. 25mm), 0.2 μm pore size polyvinylidene fluoride (PVDF) syringe 
filters (Whatman GD/X, diam. 13 mm), 0.2 μm pore size cellulose acetate (CA) syringe 
filters (Whatman GD/X, diam. 13 mm), 3 mL plastic disposable syringes (Thermo 
Fisher), 250 mL and 30 mL amber glass bottles (Fisher), and 2 mL amber HPLC vials 
(Fisher). All glassware was combusted in a furnace at 450 ºC before use.  
 
HPLC-MS system and sample analysis procedure 
The HPLC-MS system (Shimadzu) included photodiode array (PDA, 190-800 
nm) and MS detectors (Fig. 2.1). Between the PDA and MS, a 6-way valve was 
programmed to direct the flow to either waste or MS. When the valve was in the “0” 
position, the solution was directed to the waste after passing the HPLC column and PDA 
detector; when in the “1” position, the solution was directed to the MS following the 
PDA detector.    
The HPLC system included a C18 column (Alltima C18 5 μm, 150 mm × 4.6 mm), 
and two mobile phases, solvent A as 10 mmol·L-1 ammonium acetate and solvent B as 
methanol. Other possible mobile phase options were discussed in the Results and 
Discussion section. In the analysis, solvent B (methanol) was ramped from 20% to 100% 
during the first 10 min, and then remained at 100% for 5 min. Flow rate was set at 0.3 
mL·min-1. Controlled by the program, the 6-way valve was switched to “1” position at 8-
9.5 min and back to “0” at 11-14 min, changing the solvent pathway to the MS detector 
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instead of the waste container during 8-14 min. Column temperature was set at 40 ºC in a 
column oven and samples were kept at 4 ºC in the autosampler. The HPLC 
chromatogram was monitored at 209 nm (above both acetonitrile and methanol cut-off 
UV wavelengths). The MS consisted of an electrospray ionization (ESI) source and a 
quadrupole mass analyzer. The MS detector voltage was set at 1.20 kV. Nitrogen gas 
served as the drying gas at a flow rate of 6 L·min-1 and also the nebulizing gas at a flow 
rate of 1.5 mL·min-1. Interface source temperature was set at 350 ºC and desolvation line 
(DL) temperature at 250 ºC. Peptide samples were analyzed through positive ion mode 
with single ion monitoring (SIM) at [M+H]+ ion state, i.e. AVFA at m/z=407 and SWGA 
at m/z=420.  
 
Peptide incubation and analysis 
Decomposition rates of AVFA and SWGA were evaluated by incubating the 
peptides in seawater. AVFA and SWGA, at an initial concentration of 0.35-0.41 μmol·L-
1, were incubated respectively using unfiltered Gulf of Mexico surface seawater collected 
from the ship channel (27.84ºN, 97.05ºW) in Port Aransas, Texas, in March 2013. 
Seawater was collected in a 2-L acid-cleaned polyethylene bottle and processed in the 
laboratory within 2 h after the collection. Dissolved oxygen (DO) was measured with an 
oxygen microsensor (Unisense) calibrated by 100% point of air-purged seawater and 0% 
point of N2-purged seawater (Table 2.1). Temperature was measured with a thermometer 
and salinity with a refractometer. The seawater pH was analyzed using a bench-top pH 
meter (Thermo Fisher Orion 4-star). Seawater was filtered through a 0.2 μm pore size 
Nylon filter for dissolved free amino acids (DFAA) and total dissolved amino acids 
(TDAA) analyses. DFAA were measured by an HPLC equipped with a fluorescence 
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detector (Shimadzu Prominence) after pre-column o-phthaldialdehyde derivatization (Lee 
et al., 2000). TDAA were measured in the same way after the samples were hydrolyzed 
into individual amino acids with 6 mol·L-1 HCl under nitrogen at 110 ºC for 20 h 
(Kuznetsova and Lee, 2002). DCAA were calculated as the difference between TDAA 
and DFAA (Table 2.1). Measurements of DFAA and DCAA in replicate samples had 
relative standard deviations of 10–20%.  
The peptide incubation procedure followed the protocol of Liu et al. (2010). 
Briefly, peptides were incubated in 250 mL amber glass bottles at room temperature 
(24C) under dark. At each time point (0, 2, 6, 9, 21, 30, 45, 54 h), duplicate samples (1.5 
mL) were taken out and filtered through 0.2 μm syringe filters (PVDF) for peptide and 
DFAA analyses. Samples were stored frozen at -20 ºC until HPLC-MS and HPLC 
analysis. 
Another peptide incubation experiment comparing the hydrolysis of LYA-AVFA 
and AVFA was conducted using the surface (2 m) seawater from Sta. T2 (28.85ºN, 
89.80ºW) in the Mississippi River plume in the northern Gulf of Mexico. Seawater was 
collected using Niskin bottles mounted on a CTD rosette while onboard R/V Pelican in 
May 2013. In-situ temperature, salinity, DO and chlorophyll a (Chl a) were obtained 
from the CTD (Table 2.1). Dissolved organic carbon (DOC) was measured using a 
Shimadzu total organic carbon analyzer (TOC 5000), and duplicate analyses agreed 
within 6%. Inorganic nutrient concentrations (NO3
-, NO2
-, PO4
3-, NH4
+) were analyzed 
using a UV-Vis spectrophotometer (Evolution 160, Thermo Scientific) following 
established procedures (Bolleter et al., 1961; Murphy and Riley, 1962; Strickland and 
Parsons, 1968; Jones, 1984). Surface Sta. T2 seawater was highly eutrophic with high 
DOC and dissolved inorganic nitrogen (DIN) concentrations due to the Mississippi River 
input (Table 2.1).  
 16 
LYA-AVFA (0.46 μmol·L-1) and AVFA (0.42 μmol·L-1) were each amended in a 
30 mL amber glass bottle filled with seawater. Triplicates were incubated for each 
peptide under dark at room temperature (24ºC). At 0, 4, 14, 17, 19, 24 h, aliquot samples 
(1.5 mL) were filtered through 0.2 μm syringe filters (CA) and preserved in 2 mL amber 
vials at -20 ºC. Another 1mL samples at each time interval were fixed with 3% (final 
concentration) formaldehyde and preserved at 4 ºC for bacterial abundance analysis. 
Killed control of AVFA (0.59 μmol·L-1) was also conducted in 180 μmol·L-1 HgCl2, a 
concentration that stops bacterial activity (Lee, 1992). AVFA was analyzed using the 
HPLC-MS method as described above, and LYA-AVFA was analyzed through HPLC 
(Shimadzu Prominence) equipped with a C18 column (Alltima 5 μm, 250 mm × 4.6 mm) 
and a fluorescence detector, according to the protocol of Pantoja et al. (1997) with 0.05 
mol·L-1 NaH2PO4 (pH 4.5) and methanol as the mobile phases. For the gradient elution 
program, methanol increased from 10% to 50% in 25 min, then further to 100% at 26 
min, and kept as 100% for 6 min until it went back to 10% at 34 min. Detection was at 
excitation and emission wavelength of 424 nm and 550 nm, respectively. Bacterial 
abundance was counted in a flow cytometer (BD Accuri C6) under blue light laser 
excitation at 488 nm after SYBR Green II staining. Detailed procedure for bacteria 
counting followed the same protocol in Liu et al. (2013).  
 
RESULTS AND DISCUSSION 
Method optimization 
Assessing different mobile phases for HPLC 
Acetonitrile and methanol (mobile phase B) were compared to find an optimal 
choice for the AVFA detection due to their wide application in peptide measurement.  
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With 10 mmol·L-1 ammonium acetate as the mobile phase A, AVFA (20 μmol·L-1) in 
nanopure water with an injection volume of 100 μL was tested with different B mobile 
phases. The HPLC gradient program for assessments was as described in the HPLC-MS 
protocol above, except that the flow rate was 1 mL·min-1. The AVFA peak occurred 2.3 
min later in the methanol elution than in the acetonitrile elution (Fig. 2.2a, b). Since sea 
salt usually occurs at the beginning of HPLC chromatograms, the further away the sea 
salt peak is from the AVFA peak, the less likely is sea salt to be introduced to the MS. 
Therefore, methanol is a better organic solvent than acetonitrile for our application.   
In addition to ammonium acetate, ammonium bicarbonate was tested with 
methanol as the organic solvent. Again, 20 μmol·L-1 AVFA in water (100 μL injection) 
was used for the assessment. The HPLC chromatograms resulting from using 10 mmol·L-
1 ammonium acetate and ammonium bicarbonate respectively yielded similar AVFA peak 
shapes and baseline stabilities (not shown). Thus, either ammonium acetate or 
ammonium bicarbonate can be used as mobile phase A. Ammonium acetate was used for 
the assessments below. 
 
Assessing concentrations of buffers for HPLC 
Concentrations of buffer (mobile phase A) can affect the MS sensitivity (Garcia, 
2005). For reversed-phase HPLC separation, a buffer concentration ranging from 10 
mmol·L-1 to 50 mmol·L-1 is usually adequate (Snyder et al., 1997). Too high of a buffer 
concentration may lead to precipitation in organic mobile phase, whereas too low of 
concentration may decrease the quality of the peak shape and precision. Different 
concentrations of ammonium acetate (50, 20, 10, and 5 mmol·L-1) in mobile phase A 
were examined, with methanol as mobile phase B, to optimize sensitivity. The sensitivity 
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factor, also known as response factor, was calculated as the peak area/standard amount 
(Snyder et al., 1997). Based on the peak area comparison, the sensitivity factor was the 
largest at the concentration of 10 mmol·L-1 (6.26e+8/μmol), followed by 5 mmol·L-1 
(6.10e+8/μmol), 20 mmol·L-1 (5.84e+8/μmol), and 50 mmol·L-1 (3.90e+8/μmol). Thus, 
10 mmol·L-1 was chosen as the concentration of ammonium acetate buffer for the HPLC-
MS protocol.   
 
Assessing mobile phase pH effects on HPLC chromatograms  
The pH of the mobile phase is important for maintaining peak shape and 
reproducibility for ionic compounds. The ionization of peptides, with both amine and 
carboxyl groups, depends on the pH of the mobile phase. The buffer pH was adjusted 
before organic solvent was added, as the pH measurement is imprecise in the presence of 
organic solvent (Snyder et al., 1997). The buffer controls pH effectively in the range of 
buffer pKa ± 1.  The pKa of ammonium acetate is 4.76 for acetate and 9.2 for 
ammonium. To assess the effects of pH on chromatogram quality, the pH of mobile phase 
aqueous solvent A (10 mmol·L-1 ammonium acetate) was adjusted from 4.5 to 9.2 with 
acetic acid or potassium hydroxide (Fig. 2.3). All AVFA peaks showed appropriate 
shapes in the HPLC chromatograms with different buffer pHs. But the sensitivity factor 
of AVFA was highest at the original pH 6.7 of the buffer. Thus, pH 6.7 was chosen for 
the ammonium acetate buffer without adjustment. In addition, the baseline at pH 6.7 was 
the smoothest among the chromatograms, further consolidating our conclusion of 
choosing ammonium acetate with its original pH for the HPLC-MS protocol. 
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Assessing the flow rate effects on the HPLC chromatograms 
The effect of flow rate on the shape of HPLC chromatograms was evaluated using 
AVFA standard (20 μmol·L-1 in water). When the flow rate decreased from 1 to 0.3 to 0.2 
mL·min-1, the sensitivity of HPLC PDA detector increased accordingly. The sensitivity 
factor of AVFA at a flow rate of 0.2 mL·min-1 was three times larger than that at a flow 
rate of 0.3 mL·min-1, and 4.5 times larger than that at a flow rate of 1 mL·min-1. 
Meanwhile, retention time of the AVFA peak was extended from 5 to 15 min when flow 
rate decreased from 1 to 0.2 mL·min-1. Flow rate affects not only the PDA sensitivity, but 
also the MS sensitivity. Operating electrospray in a micro-electrospray mode with flow 
rates ranging from 300 to 900 nL·min-1 or in a nano-electrospray mode with flow rates 
between 10 and 100 nL·min-1 could increase the MS sensitivity significantly as compared 
with higher flow rates, due to the improvement of droplet charging efficiency and 
reduction of charge competition (Andren et al., 1994; Emmett and Caprioli, 1994; 
Schmidt et al., 2003; Tang et al., 2004). Considering all factors including analytical time, 
sensitivity, and MS acceptable ion unsaturation flow rate (if flow rate is too high, an ion 
excess problem may occur in MS), we chose 0.3 mL·min-1 as the optimum flow rate in 
our HPLC-MS protocol. 
 
Assessing MS detector voltage effects on MS chromatograms 
MS detector voltage was evaluated to achieve optimal MS sensitivity. All HPLC-
MS instrument and method parameters were set according to those optimized above. 
Three different detector voltages ascending from 1.12, 1.20 to 1.35 kV were tested. The 
instrument sensitivity was enhanced twice from 1.12 to 1.20 kV, based on the integrated 
peak area of 5 nM AVFA in water. Similarly, the 1.35 kV further improved the 
sensitivity 6 times than that under 1.20 kV. However, higher detector voltage can 
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decrease the amount of ions that can be tolerated in the ionization source, i.e., higher 
detector voltages increase chances of ion saturation. Ion saturation, or excessive ions, 
would cause sample analysis to fail. Thus, the moderate 1.20 kV was chosen as the 
detector voltage in our HPLC-MS protocol. 
 
Standard calibration curves of AVFA and SWGA  
With all the optimized method and instrument parameters of the HPLC-MS 
protocol, we tested the linearity of small peptide quantification using AVFA standards 
dissolved in seawater, ranging from 5 nmol·L-1 to 1 μmol·L-1. Quantification was based 
on the peak area obtained from the single ion monitoring (SIM) chromatogram at 
m/z=407 in a positive ion mode. The standard calibration curves showed excellent 
linearity in the range of 5 nmol·L-1-1 μmol·L-1, with an injection volume of 100 μL 
(R2=1, Fig. 2.4a). The maximum level of quantitation of this method, defined as the 
highest amount that can be determined reliably, was approximately 1 nmol for AVFA, 
because the calibration curve bent between 10-20 μmol·L-1 of AVFA when tested in 
distilled water (data not shown). Thus, this new method was suitable for measurement of 
a wide concentration range for small peptides less than 10 μmol·L-1 with a 100 μL-
injection volume for AVFA.  
Present MS detection commonly offers a dynamic range across 3 to 5 orders of 
magnitude depending on the compounds and instrument conditions, although the upper 
limit of the linear dynamic range of ESI-MS is still under debate (Kostiainen and Bruins, 
1996; Tang et al., 2004; Liu et al., 2011a). As discussed above, the linear dynamic range 
of our method was from 0.5 pmol to approximate 1.0 nmol for AVFA, or about 4 orders 
of magnitude. The nonlinearity in the high-concentration range may result from the 
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deviation caused by the source injection and ionization process, the adsorption loss in the 
transition from the ion source to the detector, or the ion saturation occurred in the mass 
spectrometer (Ong and Mann, 2005; Damen et al., 2008). However, the wide dynamic 
range in our method is enough to meet the need to measure decomposition or hydrolysis 
of peptide substrates at different concentrations in seawater, as their concentrations in 
seawater are much lower than the upper dynamic range.  
The limit of quantification (LOQ) and limit of detection (LOD, detection limit) 
are two important parameters used to evaluate an analytical method. LOQ is the 
concentration that can be quantified reliably with a specific accuracy or precision, while 
the LOD is the lowest concentration that can be detected reliably by the instrument 
(Snyder et al., 1997). From a linear regression curve, LOQ can be calculated as 10 * σ/S 
and LOD as 3.3 * σ/S, where σ is the residual standard deviation and S is the slope of the 
calibration curve (ICH Q2 (R1)). For this HPLC-MS method, the LOQ achieved was as 
low as 0.70 pmol for AVFA with a less than 5% precision (relative standard deviation, 
n=5) and the LOD of this method was 0.23 pmol for AVFA at the precision of less than 
5%. This low detection limit, which is comparable to the detection limit of fluorescent 
peptide analogs like LYA-peptides (Pantoja et al., 1997; Pantoja and Lee, 1999), 
demonstrates a main advantage of this new HPLC-MS method. The sensitivity of the MS 
for small peptide quantification is two orders of magnitude higher than that of the PDA 
detector. For example, 1 μmol·L-1 AVFA was shown as a large and sharp peak in the MS 
chromatogram while only as a tiny peak in the PDA chromatogram (Fig. 2.5a); the PDA 
detector cannot detect the AVFA standard peak with a concentration of 5 nmol·L-1 and 
100 μL injection volume, but MS detector can clearly ‘see’ the AVFA peak (Fig. 2.5b). 
This HPLC-MS method can detect a low level of peptide (<5 nmol·L-1 in AVFA) 
amended in seawater, which is much lower than the ambient bulk concentration of 
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DCAA, often in the range of 0.2-4 μM (Bronk 2002). Moreover, the precision of 
concentration measurement was less than 5% for the MS, indicating high reproducibility.  
The reproducibility of the AVFA calibration curve was tested for more than five 
times at weekly to monthly intervals over one year, and excellent linearity was obtained 
(0.98-1 for the R2, data not shown), demonstrating the quality assurance of this HPLC-
MS method. Among a long time interval, there was a certain degree of variation (25-
50%) for the absolute MS peak area depending on the MS daily conditions and 
maintenance such as desolvation line cleaning to prevent clogging, but this would not 
affect sample quantification, because calibration curves were obtained daily before 
sample analysis and the daily repeatability of a calibration curve was within 5% variation, 
as described above.  
Similar to AVFA, the standard calibration curve of another small peptide SWGA 
showed excellent linearity in the range of 0.05-0.5 μmol·L-1 with 100 μL injection 
volume (R2=0.9992, Fig. 2.4b), suggesting the transformative feature of this method to 
applications with other small peptide substrates. In the following section, decomposition 
of AVFA and SWGA in seawater was studied using this method.  
 
APPLICATION 
Decomposition of small peptides in seawater 
We applied this new HPLC-MS method to examine decomposition rates of 
AVFA and SWGA amended in seawater with low initial concentrations (ca. 350-410 
nmol·L-1). These concentrations were much lower than the DCAA concentration in the 
ship channel water (3100 nmol·L-1, Table 2.1), accounted for 11-13% of DCAA and 
comparable to concentrations of amended peptide analogs (50-2500 nmol·L-1) in 
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incubation studies of Pantoja and coworkers (Pantoja et al., 1997; Pantoja and Lee, 
1999). The decomposition rates include both ectoenzymatic hydrolysis and uptake, 
because the molecular weights of these two peptides are less than 600 Da (Weiss et al., 
1991). In the incubation, both AVFA and SWGA showed linear decomposition patterns 
within the initial 21 h (R2 > 0.98), at decomposition rates of 7.2 nmol·L-1·h-1 for AVFA 
and 6.6 nmol·L-1·h-1 for SWGA (Fig. 2.6a). In the second stage from 21 h to 54 h, the 
decomposition rate of AVFA (20.9 nmol·L-1·h-1) was three times higher, and SWGA 
(11.8 nmol·L-1·h-1) approximately two times higher, than during the initial 21 h. SWGA 
decomposition rate was also measured in the ship channel surface seawater collected in 
October 2011, and lower decomposition rate (3.6 nmol·L-1·h-1) was found (data not 
shown). Decomposition rates derived from the first stage may be closer to the natural rate 
than those from the second stage, as both bacterial abundance and community may have 
changed considerably in the later incubation period (McCarren et al., 2010; Liu et al., 
2013).  
Free amino acids, produced by peptide hydrolysis, were monitored throughout the 
incubation (Table 2.2). As expected, alanine (A), phenylalanine (F) and valine (V) were 
produced substantially from AVFA, while S, W, G and A from SWGA. The lability, or 
bacterial uptake rate, differs among each amino acid (Liu et al., 2013), so the amino acids 
released may not follow the stoichiometry of their parent peptide. More F and V were 
released than A from AVFA, even though AVFA contains twice amount of A than V and 
F, suggesting that the uptake rate of A was much faster than V and F. Similarly, more G 
was released than S, W and A. Using F and G for their respective mass balance 
calculation, ~21% of AVFA and ~37% of SWGA were hydrolyzed, while the rest may 
have been taken up directly by bacteria (Liu et al., 2013). Note that these hydrolyzed 
percentages were conservative because the uptake of amino acids by bacteria was not 
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taken into consideration. Other DFAA, except A, V and F in the AVFA incubation and S, 
W, G and A in the SWGA incubation, generally remained within background levels 
during the incubation time (Table 2.2).  
The decomposition rates (7-20 nmol·L-1·h-1) are the first data for small plain 
peptides amended in less than 13% of the background DCAA concentration. These rates 
using HPLC-MS were much lower than those of using HPLC (5 to 103 nmol·L-1·h-1) with 
higher initial peptide concentrations amended (10 μmol·L-1) (Liu et al., 2010), even 
though the decomposition patterns were similar. In addition, the linearity of the 
decomposition curves showed that the peptide decomposition followed kinetics of zero 
order rather than first order, suggesting that the decomposition is limited by enzymes (or 
bacteria) rather than by substrates.  
 
Comparison of hydrolysis between AVFA and LYA-AVFA 
To directly compare the hydrolysis of peptide analog and small peptide, LYA-
AVFA and AVFA hydrolysis rates were obtained from on-deck incubation using water 
from Sta. T2 in the Mississippi River plume (Fig. 2.6b). The linear curves of both LYA-
AVFA and AVFA suggest that their hydrolysis followed zero-order kinetics, consistent 
with those of ship channel water. AVFA was hydrolyzed at a rate of 29 nmol·L-1·h-1 and 
completely hydrolyzed at 14 h. In comparison, LYA-AVFA was hydrolyzed at 21 
nmol·L-1·h-1 in the same seawater during 24 h. In contrast, AVFA concentrations in the 
killed control remained constant during the 24-h incubation (Fig. 2.6b), indicating that 
sorption of peptide on glass wall or particles was minimal. AVFA hydrolysis rate was 1.4 
times as high as LYA-AVFA hydrolysis rate and this difference was significant (t test, p 
< 0.05), suggesting that the fluorescent tag (LYA) might affect the AVFA hydrolysis rate. 
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In addition, peptide hydrolysis rates in the Sta. T2 water were almost twice as high as 
those in the ship channel seawater, which can be attributed to the potentially high 
bacterial abundance and activity associated with the eutrophic Mississippi River plume. 
In the Mississippi River plume water, bacterial abundance in the AVFA incubation 
decreased 6% within the initial 17 h (Fig. 2.7), during which the AVFA has been 
completely hydrolyzed (Fig. 2.6). Even though bacterial abundance in the LYA-AVFA 
incubation increased 13% within the 14 h followed by 3% decrease, the hydrolysis rate of 
LYA-AVFA was relatively constant throughout the 24 h of incubation (Figs. 1.6 and 
1.7). These patterns suggest that the low-concentration addition of the peptide did not 
significantly disturb the bacterial community within the 15-24 h of incubation (Liu et al., 
2013).  
 
CONCLUSIONS AND IMPLICATIONS 
Our HPLC-MS method offers a new way to directly detect low concentrations of 
small peptides amended in seawater without desalting pretreatment. Mobile phase 
composition, buffer concentration, buffer pH, flow rate and MS detector voltage were 
consecutively optimized to achieve separation of sea salt and peptide, excellent peak 
shape, and high sensitivity. This new HPLC-MS method lays an analytical foundation for 
small peptide analysis in ambient seawater conditions with easy and quick procedures. Its 
accuracy, precision, and low detection limit enable the detection of peptides amended in 
seawater at micromolar to nanomolar concentrations, which is close to or lower than 
ambient DCAA concentrations. This technique makes it possible for further studies of 
peptide hydrolysis and other transformation processes. If tandem MS system is coupled 
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with our method, more information about structures of peptides and their metabolites 
during hydrolysis can be obtained. 
Low-concentration small peptide incubation alleviates the possibility of bacteria 
community or behavior change caused by adding substrates in high concentrations (Liu et 
al., 2013). This method makes it possible to incubate small plain peptides in less than 
micromolar concentrations, by which hydrolysis or decomposition patterns (based on 
hydrolyzed products and cleavage position) can be deciphered. For example, the 
hydrolysis pathway of AVFA (AVFA  AVF + A  AV + F + A, AVFA  A + VFA 
 A + V + FA or AVFA  AV + FA) can potentially be assessed by measuring 
hydrolysis products of VFA, FA, AVF and AV. This new HPLC-MS method with low 
detection limit also provides a basis for detecting peptides, if existing at relatively high 
levels (above detection limit of our method), in natural seawater. For example, AVFA, a 
fragment of RuBisCO that are ubiquitous proteins in phytoplankton, may exist at 
detectable levels in natural seawater, especially in locations associated with high levels of 
phytoplankton or marine aggregates (Alldredge and Silver, 1988; Fenchel, 2002). This 
method is particularly promising, if peptides can be pre-concentrated using solid phase 
extraction or other techniques (Curtis-Jackson et al., 2009). 
Several precautions should be considered before similar peptide seawater sample 
analysis is undertaken. First, volatile mobile phase composed of organic solution and 
aqueous solutions should be chosen to separate the salt from the analyte of interest in 
seawater, and to provide optimal conditions for the MS operation. For hydrophobic 
peptides, the elution gradient may only need a shorter time to reach a high organic mobile 
phase percentage needed to prevent analyte from co-eluting with the sea salts. But for 
hydrophilic peptides, more time with a low organic solvent percentage should be 
maintained to extend the retention time of the peptide peak to distinguish it from the salt 
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peak. For very hydrophilic peptides, other HPLC columns such as hydrophilic interaction 
liquid chromatography (HILIC) column should be considered. Second, the linear 
dynamic range of MS for specific peptides must be determined for the calibration, 
because the upper limit of the dynamic range may vary for different compounds due to 
their different saturation conditions in the MS. Third, the flow rate and injection volume 
should be adjusted together with the sample concentration to prevent saturation of ion in 
the ionization source of the MS. 
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Table 2.1. Water chemistry parameters of coastal surface seawater from the ship channel in Port Aransas, Texas during March 
2013 and Sta. T2 from the northern Gulf of Mexico during May 2013. DO-dissolved oxygen; Temp-temperature; 
Chl a-chlorophyll a; DOC-dissolved organic carbon; DFAA-dissolved free amino acids; DCAA-dissolved 
combined amino acids.   
Station 
DO 
(mg·L-1) 
Temp  
(ºC) 
Salinity 
(ppt) 
pH 
Chl a 
(μg·L-1) 
DOC 
(μmol·L-1) 
DFAA 
(μmol·L-1) 
DCAA 
(μmol·L-1) 
NO3- 
(μmol·L-1) 
NO2- 
(μmol·L-1) 
PO43- 
(μmol·L-1) 
NH4+ 
(μmol·L-1) 
Ship channel 
8.7 18 32 8.08 NM NM 0.15 3.10 NM NM NM NM 
T2 
6.6 25.2 19 NM 0.82 258.3 NM NM 15.99 BD 0.11 1.97 
NM: not measured.  
BD: below detection limit (0.03 μmole·L-1).  
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Table 2.2. Concentrations (nM) of dissolved free amino acids in the AVFA and SWGA incubation in the ship channel seawater 
in March 2013. Data are presented as average ± error of duplicate samples. Releasing amino acids from peptides 
are marked in bold.  
Sample ASPa GLU HIS SER ARG GLY THR ALA TYR MET VAL PHE TRP ILE LEU 
AVFA-0h 114±13 10±0 ND 55±5 ND ND ND 35±3 ND ND 10±1 3±1 NM ND ND 
AVFA-2h 84±3 12±1 ND 62±9 18±2 77±27 ND 55±4 ND 13±2 14±1 12±0 NM ND ND 
AVFA-6h 84±7 6±1 ND 47±4 12±4 24±24 ND 54±8 ND 12±1 19±3 16±1 NM ND ND 
AVFA-9h 96±12 7±3 ND 52±15 7±2 ND ND 55±5 ND 9±6 36±0 26±1 NM ND ND 
AVFA-21h 75±13 6±1 ND 37±10 2±2 ND ND 30±0 ND 3±0 57±0 72±2 NM ND ND 
AVFA-30h 117±1 6±1 ND 60±25 4±1 ND ND 17±5 ND 1±1 24±6 20±2 NM ND ND 
AVFA-45h 95±0 5±2 ND 49±13 8±2 ND ND 15±1 ND 3±1 5±0 0±0 NM ND ND 
AVFA-54h 105±27 6±3 ND 61±27 7±2 ND ND 14±1 ND 4±0 2±2 0±0 NM ND ND 
SWGA-0h 128±32 9±1 ND 84±9 3±3 ND ND 17±2 ND ND 3±3 ND ND ND ND 
SWGA-2h 87±7 7±1 ND 75±1 ND 91±51 ND 23±3 ND ND 5±0 ND ND ND ND 
SWGA-6h 97±8 7±0 12±1 105±13 1±1 105±6 ND 29±4 2±2 ND 8±3 ND ND ND ND 
SWGA-9h 107±2 11±2 ND 99±15 ND 122±15 4±0 28±5 ND ND 6±4 ND ND ND ND 
SWGA-21h 105±10 12±5 ND 44±13 ND 154±77 14±0 16±1 7±7 ND 2±2 ND 5±3 ND ND 
SWGA-30h 96±5. 10±2 8±1 82±23 7±7 66±4 5±0 26±9 2±2 ND 1±1 ND 52±5 ND ND 
SWGA-45h 96±2 8±2 5±5 62±12 ND 73±10 2±0 16±6 1±1 ND 2±2 ND ND ND ND 
SWGA-54h 110±8 6±4 2±2 47±7 ND 153±58 ND 16±5 ND ND 3±3 ND ND 3±3 6±6 
NM: not measured. 
ND: not detectable (<1.5 nM). 
a ASP: aspartic acid; GLU: glutamic acid; HIS: histidine; SER: serine; ARG: arginine; GLY: glycine; THR: threonine; ALA, alanine; TYR: tyrosine; 
MET: methionine; VAL, valine; PHE, phenylalanine; TRP, tryptophan; ILE: isoleucine; LEU: leucine. 
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Figure 2.1. Schematic flow chart of the HPLC-MS instrumnt design. 
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Figure 2.2. HPLC-PDA chromatograms of AVFA standard (20 μmole·L-1 in distilled 
water) using mobile phases consisting of (a) 10 mmol·L-1 ammonium 
acetate and acetonitrile, (b) 10 mmol·L-1 ammonium acetate and methanol 
(target peak labeled as name and retention time). 
(a) Acetonitrile                             (b) Methanol 
  
 
 32 
Figure 2.3. HPLC-PDA chromatograms of standard (20 μmole·L-1 AVFA in distilled 
water) using mobile phase composed of methanol and 10 mmol·L-1 
ammonium acetate of (a) original pH 6.7 and adjusted to (b) pH 5.2, (c) pH 
4.5, (d) pH 9.2 (target peak labeled as name and peak area). 
(a) pH 6.7                                  (b) pH 5.2  
 
 
(c) pH 4.5                                  (d) pH 9.2 
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Figure 2.4. (a) Calibration curve of AVFA standard in 0.2-μm filtered seawater ranging 
from 5 nmol·L-1 to 1 μmol·L-1 using HPLC-MS. Data points are presented 
as the average ± SD (n=5); (b) Calibration curve of SWGA standard in 
distilled water ranging from 0.05 to 0.5 μmol·L-1 using HPLC-MS. 
(a) AVFA                            (b) SWGA     
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Figure 2.5. Comparison between AVFA (a) 1 μmol·L-1 in seawater and 100 μL injection 
volume; (b) 5 nmol·L-1 in seawater and 100 μL injection volume standard 
peak in HPLC chromatogram with PDA detector and AVFA peak in MS 
SIM chromatogram at m/z=407 with MS detector. Note that MS detector 
was off from 0-8 min. 
(a) 1 μM                                     (b) 5 nM  
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Figure 2.6. (a) AVFA (amendment concentration 0.35 μmol·L-1) and SWGA (amendment 
concentration 0.41 μmol·L-1) decomposition curves in unfiltered surface 
seawater collected in the ship channel in Port Aransas, Texas, during 54-h 
incubations under dark; (b) AVFA (amendment concentration 0.42 μmol·L-
1), LYA-AVFA (amendment concentration 0.46 μmole·L-1) hydrolysis 
curves and AVFA (amendment concentration 0.59 μmol·L-1) concentrations 
in the killed control in unfiltered surface seawater collected at Sta. T2 in the 
northern Gulf of Mexico during 24-h incubations under dark. 
(a) Ship channel                             (b) Mississippi River plume 
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Figure 2.7. Bacterial abundance changes throughout the AVFA and LYA-AVFA 
incubation in the northern Gulf of Mexico seawater. Data points are 
presented as the average ± SD (n=3). 
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Chapter 3. Comparing extracellular enzymatic hydrolysis between plain 
peptides and their corresponding analogs in the northern Gulf of 
Mexico Mississippi River plume 
(Published in Marine Chemistry 177 (2015): 398-407) 
ABSTRACT 
Peptide analogs, such as leucine-methylcoumarinylamide (Leu-MCA) and Lucifer 
yellow anhydride-tetraalanine (LYA-Ala4), are often used as proxies to quantify 
extracellular peptidase activities, but how accurately these analogs represent natural 
peptides remains unclear. Here we compared hydrolysis rates of tetrapeptides alanine-
valine-phenylalanine-alanine (AVFA) and tetraalanine (Ala4) with their corresponding 
LYA analogs along a salinity gradient in the northern Gulf of Mexico Mississippi River 
plume. Hydrolysis rates were generally similar, but not always, between natural peptides 
and their analogs in the plume water. For example, hydrolysis rates were similar between 
LYA-AVFA and AVFA at all stations except one. In contrast, hydrolysis rates of LYA-
Ala4 were significantly higher than those of Ala4 at low-salinity (18-19) stations, but 
significantly lower at one high-salinity (36) station. These results suggest that relative 
activities of different types of peptidases, measured by the analogs or peptides, depended 
on biological and chemical properties at each station, such as abundance of certain 
“opportuni-trophic” bacteria, including Flavobacterium, Ruegeria and Roseobacter. The 
produced fragments and amino acids from peptide hydrolysis implied further that the 
hydrolysis pathway depended on specific peptide substrate, and that the LYA tag affected 
the hydrolysis pathway. Taken together, this study validates the technique of using LYA 
analogs to study extracellular enzymatic activities, particularly the overall hydrolysis rate, 
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and provides insights into the patterns of extracellular enzymatic activities in estuarine 
environments.  
 
INTRODUCTION 
As a key step in the cycling of labile organic matter, extracellular enzymatic 
hydrolysis breaks down proteins or large peptides into small fragments less than 
approximately 600 Da to allow bacterial uptake in marine environments (Chróst, 1991; 
Weiss et al., 1991). Extracellular hydrolysis involves enzymes that exist either freely 
dissolved in seawater or as ectoenzymes that are cell-surface bound or in the periplasmic 
space (Chróst, 1990). This process, defined here as peptide hydrolysis, not only regulates 
the turnover rate of carbon and nutrients (Arnosti, 2011), but may also control the types 
of proteinaceous matter preserved in oceanic dissolved organic matter (Hedges et al., 
2000, Aluwihare et al., 2005).  
Peptide hydrolysis rates are often estimated using peptide analogs containing 
fluorogenic tags, such as leucine-methylcoumarinylamide (Leu-MCA) and Lucifer 
yellow anhydride (LYA)-peptide (Hoppe, 1983; Pantoja et al., 1997; Mulholland et al., 
2003; Obayashi and Suzuki, 2005). Hydrolyzed fluorogenic fragments from the analogs, 
such as MCA from Leu-MCA, can be determined easily by fluorometry. Targeting 
certain peptidases, these peptide analogs make it possible to compare peptide hydrolysis 
rates across different aquatic environments, such as lakes, brackish water, fjords, 
seawater, marine sediments, and coral reefs (Hoppe, 1983; Mow-Robinson and 
Rheinheimer, 1985; Hoppe et al., 1988a,b; Münster et al., 1989; Rheinheimer et al., 
1989). These studies demonstrate the diversity of peptidases and large ranges of 
enzymatic activities in natural environments.  
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Despite their extensive application, it remains unclear how representative the 
peptide analogs are relative to plain peptides without tags, as large fluorogenic tags may 
affect the enzymatic attack due to the steric effect (Stevenson, 1994; Pantoja et al., 1997; 
Liu et al., 2010). For example, a large tag containing aromatic rings, such as LYA, can 
increase the rigidity of a molecule (Wade, 1995), thus possibly affecting how the 
substrate fits into active sites of enzymes. In addition, fluorogenic tags may block either 
the N or C terminus of peptides from the peptidase attack, while plain peptides can be 
attacked from either side or the middle (Arnosti, 2003). Even though plain peptides are 
presumably more representative, only a few studies have used plain peptides to study 
peptide hydrolysis or uptake due to the analytical difficulty in detecting plain peptides in 
close-to-ambient concentrations (Kirchman and Hodson, 1984; Mulholland and Lee, 
2009; Liu et al., 2010, 2013). Although it has been demonstrated that protein or plain 
peptide addition can inhibit the hydrolysis of peptide analogs (Payne, 1980; Hoppe, 1983; 
Somville and Billen, 1983; Pantoja et al., 1997), no studies have directly compared 
peptide hydrolysis rates between peptide analogs and plain peptides. Our newly-
developed liquid chromatography-mass spectrometry (LC-MS) technique makes this 
comparison possible by measuring peptides in close-to-ambient concentrations (Liu and 
Liu, 2014).  
In this study we compared peptide hydrolysis rates between two pairs of plain 
peptides and their corresponding analogs, Ala4 vs. LYA-Ala4 and AVFA vs. LYA-
AVFA, along a salinity gradient in the Mississippi River plume of northern Gulf of 
Mexico (nGOM). AVFA, a fragment of ribulose-1,5-bisphosphate 
carboxylase/oxygenase (RuBisCO), and Ala4 are two small peptides with molecular 
weights of 406 and 302 Da, respectively. The AVFA hydrolysis has been examined in 
several cases (Liu et al., 2010, 2013; Liu and Liu, 2014), but not Ala4. LYA-Ala4 has 
 40 
been applied to measuring hydrolysis rates in marine environments (Pantoja et al., 1997; 
Pantoja and Lee, 1999; Mulholland et al., 2002, 2003), but not LYA-AVFA. Owing to 
the newly developed HPLC-MS technique (Liu and Liu, 2014), peptides were amended 
in close-to-ambient concentrations of total dissolved amino acids (TDAA), which are 
comparable to those of peptide analogs used previously (Pantoja et al., 1997, 2009; 
Mulholland et al., 2003; Powell et al., 2005). The low concentration of amended peptides 
may simulate in-situ environments better without changing much of ambient organic 
matter concentrations and the bacterial community structure during short-time incubation 
(Pantoja and Lee, 1999; Kuznetsova and Lee, 2002; Liu et al., 2010, 2013; McCarren et 
al., 2010).  
 
MATERIALS AND METHODS 
Sampling sites  
Seawater for peptide incubations was collected from six stations with depths 
ranging from 17 to 1568 m in the nGOM during a May-2013 cruise on R/V Pelican: T1, 
T2, C6, T3, T6, and DWH (Fig. 3.1 and Table 3.1). Five stations (T1, T2, C6, T3, T6) 
were located in the Mississippi River plume along the salinity gradient (Breed et al., 
2004), and another station was at the site where Deepwater Horizon (DWH) oil spill 
occurred in 2010. The oil contamination to the surface water at Sta. DWH was not 
detectable during the sampling (Liu et al., 2014), so results from this station were likely 
not affected by the oil spill. Based on the salinity (next section and Table 1), these six 
stations were grouped as low-salinity (18-27) stations (Stas. T1, T2, and C6) and high-
salinity (35-36) stations (Stas. T3, T6, and DWH). 
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Chemical and biological analysis of initial seawater 
Surface (2 m) seawater was collected using Niskin bottles mounted on a 
conductivity-temperature-depth (CTD) rosette (Seabird 911). Simultaneously, in-situ 
temperature, salinity, dissolved oxygen (DO) and chlorophyll a were measured by probes 
in the CTD device (Table 3.1). Seawater was filtered through 0.2 μm Nylon filters (25 
mm dia., Whatman) for analyses of dissolved organic carbon (DOC), total dissolved 
nitrogen (TDN), TDAA, dissolved free amino acids (DFAA) and nutrients. DOC and 
TDN were analyzed using a total organic carbon analyzer/TDN analyzer (TOC-V/TNM-
1, Shimadzu), and errors between duplicate samples were within 6%. DFAA were 
analyzed by HPLC (Shimadzu Prominence) with fluorescence detection after pre-column 
o-phthaldialdehyde (OPA) derivatization (Lindroth and Mopper, 1979; Lee et al., 2000). 
TDAA were analyzed in the same way as DFAA but after hydrolysis by 6 N HCl under 
nitrogen at 110 ºC for 20 h (Kuznetsova and Lee, 2002). Dissolved combined amino 
acids (DCAA) were calculated as the difference between TDAA and DFAA. 
Measurements of replicate samples of DFAA and DCAA had standard deviations of 10-
20%. Nitrate and nitrite were measured using the cadmium reduction method, phosphate 
using ascorbic acid method and ammonium using indophenol method through a UV-Vis 
spectrophotometer (Evolution 160, Thermo Scientific) (Strickland and Parsons, 1968; 
Jones, 1984). Dissolved organic nitrogen (DON) was calculated after TDN subtracting 
nitrate, nitrite and ammonium.  
For bacterial enumeration, surface water (1 mL) from each station was fixed in 
3% (final concentration) formaldehyde and preserved at 4 ºC. Bacteria cells were stained 
with diluted (1:100 v/v) nucleic acid dye SYBR Green II (Molecular probes) and then 
enumerated under laser excitation at 488 nm with a flow cytometer (BD Accuri C6) 
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following procedures described in Liu et al. (2013). The counting error for duplicate 
samples was about 12%.  
Seawater (0.5-1 L) from each station was filtered through 0.2 μm pore-size Nylon 
filters for bacterial community structure analysis. The filters were sent to the Research 
and Testing lab (Lubbock, TX) for pyrosequencing following the procedures described in 
Liu et al. (2013). The community structure analysis was performed based on bacterial 
tag-encoded FLX amplicon pyrosequencing (bTEFAP) method with 16S universal 
Eubacterial primers Gray28F 5’TTTGATCNTGGCTCAG and Gray519r 
5’GTNTTACNGCGGCKGCTG for PCR (Dowd et al., 2008; Smith et al., 2010). Tag-
encoded FLX amplicon pyrosequencing using a Roche 454 FLX instrument with 
Titanium reagents in a half plate mode followed the RTL protocols 
(www.researchandtesting.com). Sequences were classified at the genus level with identity 
scores between 90% and 95%. Community structures (% genera) of heterotrophic 
bacteria at all stations were compared by principal component analysis (PCA) using 
MATLAB® (Xue et al., 2011). 
 
Peptide incubation    
Ala4 and AVFA were custom-synthesized using a solid phase peptide synthesizer 
by CS Bio. LYA-Ala4 and LYA-AVFA were synthesized through reflux of LYA 
dipotassium salt (4-amino-3,6-disulfo-1,8-naphthalic anhydride dipotassium salt, Sigma) 
and Ala4/AVFA in lithium acetate (reagent grade, Sigma), and purified through HPLC 
according to the protocol of Pantoja et al. (1993). Ala4, AVFA, LYA-Ala4, and LYA-
AVFA were incubated on board immediately after surface seawater was collected from 
two low-salinity stations (T1, T2) and two high-salinity stations (T3, DWH) (Table 3.1). 
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Each substrate, with a final concentration in the range of 0.23-0.69 μM that accounted for 
4-40% of DCAA (Table 3.1), was respectively amended in 30 mL amber glass bottles (in 
duplicate for Sta. DWH or triplicate for Stas. T1, T2 and T3) with 2 mL headspace. The 
incubation lasted for 24 h in the dark at room temperature (24 ºC), which was similar to 
the in-situ temperature (Table 3.1). At time intervals of ca. 0, 4, 8, 10, 12, 16, 20, and 24 
h, duplicate or triplicate aliquots (1.5 mL) were sampled from the incubation bottles, 
filtered through 0.2 μm cellulose acetate (CA) syringe filters (13 mm dia., Whatman 
GD/X) and preserved at -20 ºC until analysis. One aliquot (1 mL) from each bottle was 
fixed with 3% (final concentration) formaldehyde for bacterial abundance analysis.  
In addition to the incubations at the 4 stations described above, AVFA, with final 
concentrations of 0.47-0.50 μM, was incubated at two other stations, C6 and T6 (Fig. 
3.1). AVFA was incubated in duplicate series of 125 mL amber glass bottles with 25 mL 
headspace, and duplicate bottles were sacrificed for sampling at 0, 8, 14, and 24 h, 
respectively. Incubation waters were amended with 180 μM HgCl2 to provide killed 
controls (Lee et al., 1992). Aliquots were taken for peptide analysis at 0, 8, 16, and 24 h 
following the same sampling protocols.   
 
Peptide and amino acid analyses   
LYA-Ala4 and LYA-AVFA were measured by HPLC with a fluorescence 
detector (Pantoja et al., 1997). AVFA was measured by HPLC-MS (Liu and Liu, 2014). 
Ala4 was derivatized with OPA and then quantified with HPLC (Pantoja and Lee, 1999). 
Detailed analyses of each peptide and their hydrolyzed peptide fragments or amino acids 
are described below.  
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LYA-Ala4 and LYA-AVFA, together with the hydrolysis products including 
LYA-Ala (or A), LYA-Ala2, LYA-Ala3, LYA-AV and LYA-AVF, were analyzed by 
HPLC (Shimadzu Prominence) with a fluorescence detector (Pantoja et al., 1997). Mobile 
phase A (aqueous phase) was 0.05 M sodium phosphate (monobasic anhydrous, ACS 
grade, VWR) with pH of 4.5, and mobile phase B (organic phase) was methanol (HPLC 
grade, Fisher). Samples were eluted through a C18 column (Alltima 5 μm, 250 mm × 4.6 
mm) maintaining at 40 ºC at a flow rate of 1 mL·min-1. For LYA-Ala4, mobile phase B 
was increased from 10% to 30% during the first 12 min, then to 50% at 13 min, and 
further to 100% at 14 min, and held at 100% for 1 min. For LYA-AVFA, mobile phase B 
was increased from 10% to 50% at 25 min, then from 50% to 100% at 26 min, and held 
at 100% until 32 min. Target peaks of the peptide analogs were detected with a 
fluorescence detector (Ex: 424 nm; Em: 550 nm), and quantification was based on 
external standards. Limited by availability, LYA-AV and LYA-AVF were estimated 
using the response factor (injection amount/peak area) of LYA-AVFA. This assumption 
is reasonable as the fluorescence was mainly due to the large LYA tag. For example, 
similar response factors were observed between LYA-AVFA and LYA-A in our analysis. 
Authentic standards of LYA-Ala3 and LYA-Ala2 were not synthesized, but LYA-Ala2 
and LYA-Ala3 were quantified according to Pantoja and Lee (1999), where similar 
analytical conditions were used.  
Ala4 and its hydrolysis products (Ala3, Ala2 and Ala) were quantified with HPLC 
after pre-column OPA derivatization (Lindroth and Mopper, 1979; Lee et al., 2000). 
Briefly, the mobile phase A was 0.05 M sodium acetate (HPLC grade, Fisher) with 5% 
tetrahydrofuran (HPLC grade, Mallinckrodt Baker) and pH 5.7 and mobile phase B was 
methanol. For the gradient program, mobile phase B was increased from 20% to 60% 
during the first 40 min, further to 100% in the next 8 min and then held at 100% for 10 
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min. Concentrations were quantified by a fluorescence detector (Ex: 330 nm; Em: 418 
nm) based on external standards. Since Ala3 overlapped with Ala2 in the HPLC 
chromatograms, their concentrations were summed using the response factor of Ala3. 
Note that the summed concentrations might be overestimated because the response factor 
of Ala3 was higher than that of Ala2, but this problem was not a concern here since their 
concentrations were close to zero in our samples (see Results).  
AVFA and its hydrolyzed fragments were analyzed using HPLC-MS (Shimadzu 
Prominence) following the protocol of Liu and Liu (2014). In brief, samples were eluted 
through a C18 column (Alltima 5μm, 150 mm × 4.6 mm) with mobile phase A as 10 mM 
ammonium acetate and mobile phase B as methanol in a gradient program at a flow rate 
of 0.3 mL·min-1. A 6-way valve was programmed to direct the sea salt peak to waste 
before introducing the targeted peaks to the MS detector, which consists of an 
electrospray ionization (ESI) source and a quadrupole mass analyzer. The MS detector 
voltage was set at 1.20 kV, interface source temperature at 350 ºC and desolvation line 
(DL) temperature at 250 ºC. AVFA and fragments VFA, AVF, VF, FA, AV were 
analyzed through positive ion mode with selective ion monitoring (SIM) at [M + H]+ ion 
state of m/z = 407, 336, 265, 237, and 189, respectively. Amino acids released from 
AVFA hydrolysis were analyzed by HPLC after pre-column OPA derivatization. 
Peptide hydrolysis rates were determined as the slope of the linear regression of 
hydrolysis curves plotted using concentrations vs. incubation time. Note that the 
regressions were done only for early time intervals before peptide concentrations became 
undetectable, typically within 8-24 h. Hydrolysis rates between plain peptides and 
peptide analogs at each station, or AVFA hydrolysis rates among different stations, were 
compared through one-way ANOVA (α = 0.05) and Bonferroni t test (α = 0.05).  
Pairwise Spearman rank correlation analysis was applied to the seawater chemical and 
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biological parameters, and AVFA hydrolysis rates at all stations to avoid issues of non-
normal data (Kendall, 1990). Significant correlation between environmental parameters 
and AVFA hydrolysis rates or among environmental parameters was determined using 
the rcorr function in the “Hmisc” package in R. 
 
RESULTS 
Chemical and biological properties of the initial seawater 
Low-salinity Stas. T1, T2, and C6 were located close to the Mississippi River 
mouth, whereas high-salinity Stas. T3, T6, and DWH were further offshore (Fig. 3.1 and 
Table 3.1). This salinity gradient corresponds to the unidirectional west/southwest flow 
of Mississippi River water diluted by oceanic water (Hitchcock et al., 1997; Breed et al., 
2004). As expected, chemical and biological properties differed greatly between the low-
salinity and high-salinity stations (Table 3.1). Concentrations of chlorophyll a and nitrate 
at the low salinity stations were more than one order of magnitude higher than at the 
high-salinity stations. Ammonium, DOC and DON concentrations at the low-salinity 
stations were about twice as high as those at the high-salinity stations except for Sta. 
DWH. DCAA and DFAA were highest at Sta. T1, and slightly higher at Sta. T2 than at 
other high-salinity stations except for Sta. DWH. Bacterial abundances in the low-salinity 
waters were 2-10 times as high as those in the high-salinity waters.  
Community structures of heterotrophic bacteria differed greatly between low-
salinity and high-salinity waters (Fig. 3.2 and Table 3.2). While the low-salinity waters 
(T1, T2, C6) were enriched in Flavobacterium (13-31%), Ruegeria (6-10%) and 
Roseobacter (3-11%), the high-salinity waters (T3, T6, DWH) contained mainly 
Candidatus Pelagibacteri (30-42%) and Sphigobacterium (9-11%). This difference was 
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examined further in the PCA biplot of major heterotrophic bacterial genus at all stations 
(Fig. 3.3). Bacterial communities at the low-salinity sites were clustered clearly as one 
group and high-salinity ones as the other along PC1, which explained 91% of the data 
variance.  
 
Comparison of hydrolysis rates and pathways between plain peptides and LYA 
analogs 
Hydrolysis rates of plain peptides and analogs ranged from near zero in the high-
salinity waters to 48 nM·h-1 in the low-salinity waters (Figs. 3.4, 3.5, 3.6, 3.7 and 3.8). 
These rates are consistent with previous incubation studies when similar concentrations 
of substrates were amended (Pantoja et al., 1997; Pantoja and Lee, 1999; Mulholland et 
al., 2003; Liu and Liu, 2014). Hydrolysis rates between plain peptides and the 
corresponding analogs were similar in 4 out of 8 cases (Fig. 3.5). LYA-AVFA and 
AVFA had similar hydrolysis rates at all stations except at Sta. T2. In contrast, hydrolysis 
rate of LYA-Ala4 was significantly lower than that of Ala4 at Sta. T3 and similar to that 
at Sta. DWH, but was higher than those of Ala4 at Stas. T1 and T2. This result was 
surprising, as we expected that LYA on the N-terminus of Ala4 may block the hydrolysis 
by aminopeptidases and thus reduce the hydrolysis rate. 
LYA-AV and LYA-AVF were the major fragments released during the LYA-
AVFA hydrolysis at Stas. T1, T3 and DWH, while LYA-AV was the major hydrolysis 
products at Sta. T2 (Fig. 3.9). LYA-AV accounted for 70%, 53% and 49%, and LYA-
AVF accounted for 25%, 42% and 49% of all peptide fragments at the end of LYA-
AVFA incubations at Stas. T1, T3, and DWH, respectively. At Sta. T2, concentration of 
LYA-AV was 8 times higher than that of LYA-AVF and 3 times higher than that of 
LYA-A at the end of incubation. In comparison, dipeptide AV or FA fragments were 
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undetectable during the AVFA hydrolysis at these four stations, and the main hydrolyzed 
products at all stations were amino acids A, V and F (Fig. 3.10). A, V and F increased 
with time during peptide hydrolysis at all stations and then decreased after AVFA was 
completely hydrolyzed at Stas. T1 and T2. Among the three amino acids, concentrations 
of F were highest, followed by V and A. Accounting for <10% of hydrolyzed AVFA, 
VFA and AVF were the only peptide fragments observed (Fig. 3.10). Produced VFA 
concentrations were 2-22 times higher than AVF concentrations at Sta. T1, T2 and DWH, 
while 6 times more AVF than VFA was released at Sta. T3.  
Similar to LYA-AVFA, LYA-Ala2 was the dominant fragment throughout the 
incubation of LYA-Ala4, and accounted for 93-99% of all fragments at the four stations 
(Fig. 3.11). During the Ala4 hydrolysis, peptide fragments Ala2 and Ala3 were nearly 
undetectable, whereas Ala was the only major hydrolysis product (Fig. 3.12). For AVFA 
and Ala4, concentrations of total hydrolysis products (use the sum of AVF, VFA and F 
concentrations for AVFA hydrolysis, and use Ala concentrations for Ala4 hydrolysis) 
accounted for 52-100% of total hydrolyzed peptides, except <40% for Ala4 at Stas. T1 
and T3, and the hydrolysis percentages (concentrations of hydrolysis products divided by 
initial amended peptide concentrations) were generally higher than the uptake 
percentages (Figs. 3.13 and 3.14).  
Concentrations of LYA-Ala4, LYA-AVFA and AVFA in killed controls remained 
relatively constant during the incubation (Figs. 3.4, 3.6, and 3.7). However, Ala4 
concentrations decreased 26-65%, especially at Sta. T2 (Fig. 3.8). This decrease was 
probably due to some free extracellular enzymes that may specifically hydrolyze Ala4, 
since HgCl2 does not suppress those extracellular enzymes without sulfhydryl groups 
(Lee et al., 1992; Liu et al., 2006). This pattern also indicates that the extracellular 
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enzymes that hydrolyzed Ala4 were different than those hydrolyzing other peptides or 
analogs. 
 
Changes of bacterial abundances during peptide hydrolysis 
At Sta. T1, bacterial abundances during the peptide incubations increased 9-22% 
from 0 h to 10-12 h, and then increased more rapidly from 12 to 25 h when the peptide 
hydrolysis was nearly complete (Fig. 3.15a). The rapid bacterial growth after 10-12 h 
indicates that bacteria began utilizing the hydrolysis products to build their biomass, and 
this time frame is consistent with bacterial generation time of 9-12 h (Eilers et al., 2000). 
At Sta. T2, bacterial abundances in the LYA-Ala4, LYA-AVFA and AVFA incubations 
increased <11% throughout the incubation, but increased 67% at 20 h in the Ala4 
treatment (Fig. 3.15b). At Sta. T3, bacterial abundance gradually increased by 3-16% 
from the initial time to the end of incubation (Fig. 3.15c). Bacterial abundances in the 
peptide analogs treatments at Sta. DWH increased 18-28% at 24 h, whereas those in the 
peptide treatments increased 17-25% during 0-8 h and decreased 14-16% afterwards (Fig. 
2.15d).  
 
Comparison of AVFA hydrolysis along the salinity gradient 
In addition to the hydrolysis comparison between plain peptides and LYA analogs 
at four stations, we further compared AVFA hydrolysis rates at all 6 stations (Fig. 3.16). 
AVFA hydrolysis rates differed significantly among all stations except those between 
Stas. T3 and T6 (Fig. 3.17, p<0.05). Hydrolysis rates decreased from 13-23 nM·h-1 in the 
low-salinity waters (T1, T2, C6) to 1-5 nM·h-1 in the high-salinity waters (T3, T6, 
DWH). In contrast, AVFA concentrations remained nearly constant in the killed controls 
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at these 6 stations (Fig. 3.18), indicating that the decrease of peptide concentrations in the 
seawater treatments was caused by biological processes instead of physical absorption to 
glass bottles or particles. Bacterial abundance was highest in the T2 seawater throughout 
the incubation, followed by T1 and C6 seawater, and then the other high-salinity waters 
(Fig. 3.19). Bacterial abundance increased 5-56% during 10-20h in the low-salinity 
waters, and increased 15-30% during 16-24 h in the high-salinity waters.  
AVFA hydrolysis rates along the salinity gradient correlated significantly with 
salinity (Fig. 3.20), chlorophyll a, DON, nitrate, bacterial abundance and bacterial 
community structure (use PC1 as the index) in the initial seawater, especially with 
salinity at a correlation coefficient of -1.00 (Table 3.3). These environmental factors also 
co-varied with each other. For instance, significant correlations were found between 
salinity and chlorophyll a, DON, nitrate, bacterial abundance, or bacterial community. 
 
DISCUSSION 
Concentrations of peptides and peptide analogs generally decreased linearly 
during short incubation times (Figs. 3.4, 3.6, 3.7 and 3.8), consistent with previous 
studies in this region and coastal waters off Port Aransas, TX (Liu et al., 2013; Liu and 
Liu, 2014). This linearity was consistent with a zero-order reaction model, indicating that 
the hydrolysis was limited by peptidases rather than substrates. If the hydrolysis is limited 
by substrate, an exponential decrease (first order reaction) would be expected (Pantoja et 
al., 1997; Stein, 2011). This linear pattern also indicates that peptide hydrolysis was not 
significantly affected by biological and chemical changes during incubation, such as the 
changes of bacterial abundance over time (Figs. 3.15 and 3.19). 
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Comparing hydrolysis rates and pathways between plain peptides and analogs 
We expected that plain peptides would be hydrolyzed faster than their 
corresponding peptide analogs because the tag may block the attack of peptidases due to 
steric hindrance, which in turn affects how active sites of the enzyme fit into the peptide 
bonds. For instance, while plain peptides, such as AVFA and Ala4, can be hydrolyzed 
from both N and C termini by aminopeptidases and carboxypeptidases and from middle 
by endopeptidases, their LYA analogs are only hydrolyzed by carboxypeptidases and 
endopeptidases (Stevenson, 1994; Pantoja et al., 1997; Liu et al., 2010). However, 
hydrolysis rates derived from LYA-peptide analogs were generally similar to, or higher 
than, plain peptide in many cases. For example at Stas. T1 and T2, hydrolysis rates of 
LYA-Ala4 were higher than Ala4 while LYA-AVFA and AVFA were hydrolyzed at 
similar rates (Fig. 3.5). Apparently, the hydrolysis rate was not affected much by the tag 
or the types of peptidases that cleave the substrate. 
Plain peptides and their analogs were clearly hydrolyzed through different 
pathways judged from the hydrolyzed products, assuming that their uptake was minimal 
during the short incubation. This assumption seems reasonable, as the sum of hydrolysis 
products typically accounted for ca. 52%-100% of the peptide except for <40% for Ala4 
at Stas. T1 and T3, and hydrolysis percentages were generally much higher than uptake 
percentages (Figs. 3.13 and 3.14). The dominance of LYA-AV (Fig. 3.9), with the 
simultaneous FA produced during the LYA-AVFA incubation (data not shown), indicates 
that endopeptidases played a major role in the hydrolysis. Similarly, the major production 
of LYA-Ala2 suggested that LYA-Ala4 was mainly hydrolyzed by endopeptidases at all 
the four stations (Fig. 3.11). Likewise, carboxypeptidases were important in cleaving 
LYA-AVFA from C terminus at Stas. T1, T3 and DWH, because concentrations of LYA-
AVF were the second highest among all fragments (Fig. 3.9). In contrast, AVFA and 
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Ala4 hydrolysis produced mainly free amino acids instead of peptide fragments, 
suggesting a different hydrolysis pathway from that of peptide analogs (Figs. 3.10 and 
3.12).  
The different hydrolysis pathways between plain peptides and LYA analogs may 
be caused by the LYA tag. On one hand, the LYA tag may have blocked the attack of 
aminopeptidases, which could be important for plain peptide as revealed by the high 
production of VFA fragments during AVFA hydrolysis. On the other hand, the LYA tag 
may have affected the susceptibility of peptide bonds to peptidases. For example, the 
dominance of amino acids as hydrolysis products of plain peptides indicated that their 
sequential hydrolysis was fast and complete, or that all peptide bonds in plain peptides 
were hydrolyzed by different enzymes in a simultaneous manner. In contrast, the 
accumulation of LYA-dipeptide products suggests that the peptide bond in LYA-
dipeptide was resistant to peptidases, rather than the lack of dipeptidases, as argued by 
Pantoja and Lee (1999). Otherwise, accumulation of dipeptide would be expected from 
the hydrolysis of plain peptides. Alternatively, the lack of dipeptide during the hydrolysis 
may result from direct uptake by bacteria. However, given that the uptake of dipeptides, 
such as FA and Ala2, is typically slower than that of amino acid A (unpublished 
preliminary data), the rapid accumulation of amino acids than dipeptides in all 
incubations indicated that dipeptides were hydrolyzed further into amino acids rather than 
being taken up directly. Perhaps the steric hindrance of the LYA tag on peptide 
hydrolysis occurred mostly at the dipeptide bond, because LYA-tetrapeptides were 
hydrolyzed efficiently to LYA-tripeptides and further to LYA-dipeptides. Therefore, the 
effect of LYA on hydrolysis may depend on the distance between the LYA and peptide 
bonds, i.e., steric effects may be higher for closer bonds, as exemplified for LYA-
dipeptide. This explanation is consistent with the observation that amino acids directly 
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attached to aromatic rings are less available to microorganisms than those further away 
along a peptide chain (Stevenson, 1994). Overall, these comparative results provide 
evidence that hydrolysis of dipeptide is hindered by the steric effects of analog tags.  
The relative activities of peptidases differed at each station, which was likely 
related to biological parameters at each station. For example, while endopeptidases 
hydrolyzed LYA-Ala4 faster than aminopeptidases and/or carboxypeptidases hydrolyzed 
Ala4 in the T1 and T2 seawater, they were less efficient in the T3 and DWH seawater 
(Fig. 3.5). Ectoenzymes often account for a major fraction of hydrolytic activities in 
marine environments (Rego et al., 1985; Martinez and Azam, 1993; Davey et al., 2001), 
and these enzymes are mainly synthesized by bacteria, so variations in enzymatic 
activities among these stations may be caused by different bacterial community 
compositions (Nagata, 2008), as the types and activity levels of hydrolytic enzymes differ 
among bacterial species (Martinez et al., 1996; Arrieta and Herndl, 2002; Arnosti et al., 
2005). For example, the cell-specific aminopeptidase activities from 44 marine isolates 
varied across three orders of magnitude (Martinez et al., 1996). Also, changes of 
aminopeptidase activity were correlated to bacterial community structure in a mesocosm 
experiment (Murray et al., 2007). The distinct heterotrophic bacterial community 
structures observed between low-salinity Stas. T1 and T2 and high-salinity Stas. T3 and 
DWH may have caused the variation of relative peptidases activities (Fig. 3.2). Perhaps 
the Flavobacterium, Ruegeria or Roseobacter enriched in the low-salinity waters had 
higher endopeptidase activities than other bacteria (Cottrell and Kirchman, 2000), leading 
to significantly higher hydrolysis rates of LYA-Ala4 than Ala4 at Stas. T1 and T2. In 
addition to bacteria, extracellular peptidases can be produced by protists (Karner et al., 
1994; Mohapatra and Fukami, 2004; Salerno and Stoecker, 2009; Thao et al., 2014), 
which may contribute to the variation of peptidase activities among different stations. 
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However, our preliminary data showed that the role of protists in peptide hydrolysis at 
Sta. C6 is limited by comparing peptide hydrolysis between different size-fractioned 
seawater containing protists vs. without protists in a May-2012 cruise (Liu et al., 2015). 
Whether this holds true for other stations in this area needs more investigation. 
 
Effects of salinity on peptide hydrolysis 
Peptide hydrolysis rates vary in different marine environments, and salinity is 
often a key environmental parameter that can affect hydrolysis (Mulholland et al., 2003; 
Roth and Harvey, 2006). In our study, chemical and biological parameters differed 
greatly between the low-salinity and high-salinity waters, including concentrations of 
organic matter and nutrients, phytoplankton and bacterial biomass, and bacterial 
community structures (Table 3.1 and Fig. 3.2). In these different seawater environments, 
both peptide analogs and plain peptides were hydrolyzed faster in the low-salinity waters 
than in the high-salinity waters (Figs. 3.5 and 3.20), and hydrolysis rates of AVFA 
showed an excellent correlation with salinity (Table 3.3 and Fig. 3.20). This pattern may 
be attributed to the different environmental parameters among the sampling sites, as 
peptide hydrolysis rate was significantly correlated with chlorophyll a, DON, nitrate, 
bacterial abundance and community structure (using the PC1 index). For instance, higher 
proportions of Flavobacterium were found in low-salinity waters than high-salinity 
waters (Fig. 3.2), which is consistent with previous studies (Kirchman et al., 2005; 
Herlemann et al., 2011; Fortunato et al., 2012; Campbell and Kirchman, 2013). 
Cytophaga-Flavobacteria are well known for their capability to degrade biopolymers 
including proteins (Delong et al., 1993; Cottrell and Kirchman, 2000; Kirchman, 2002). 
These Flavobacterium, some belonging to opportuni-trophs, which are highly motile and 
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can move towards high-nutrient conditions (Polz et al., 2006; McBride et al., 2009), 
could have contributed to the observed higher hydrolytic activity in the low-salinity 
region. 
 
Effects of amino acid compositions on peptide hydrolysis 
The hydrolysis fragments of LYA-Ala4 and LYA-AVFA suggest that 
carboxypeptidases preferred to hydrolyze LYA-AVFA than LYA-Ala4, as much less 
LYA-Ala3 was produced than LYA-AVF (Figs. 3.9 and 2.11). This preference of 
carboxypeptidases to LYA-AVFA was perhaps due to stronger van der Waals 
interactions between carboxypeptidases and the bulkier amino acids F, V than A (Pantoja 
and Lee, 1999). For example, carboxypeptidase A showed a higher degree of 
stereospecificity toward the penultimate amino acid from the C-terminus, and the 
interaction between carboxypeptidase and substrate can be extended to five amino acids 
beyond the C terminus (Schechter, 1970). Carboxypeptidase A also displayed a 
preference towards penultimate amino acids with aromatic side chains (Smith, 1948; 
Christianson and Lipscomb, 1989), so F in LYA-AVFA could fit carboxypeptidases 
better and thus enhance carboxypeptidase activities relative to LYA-Ala4. Besides 
carboxypeptidases, substrate composition can affect endopeptidase activities (Obayashi 
and Suzuki, 2005), thus different amino acid compositions between LYA-AVFA and 
LYA-Ala4 may have caused endopeptidase activities to vary. More peptide substrates 
with different sizes and compositions are needed to further examine the peptidase 
specificity on substrates. 
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CONCLUSION 
This study provides the first dataset on the comparison of peptide hydrolysis rates 
between plain peptides and their corresponding analogs at low concentrations (less than 
micromolar) in seawater. Several conclusions were drawn from the results:  
1. The overall similar hydrolysis rates between plain peptides their corresponding 
LYA-tetrapeptides suggest that LYA-tetrapeptides are good proxies to study 
peptide hydrolysis rates. However, their hydrolysis pathways differed due to the 
steric effects of the LYA tag.  
2. Different hydrolysis patterns occur between peptide analogs and plain peptides, 
which   may relate to different relative peptidase activities in seawater 
environments with different bacterial community structures. Thus, caution is 
needed when extrapolating comparison results between plain peptides and analogs 
from one environment to another. 
3. The hydrolysis pathway of a peptide can be affected by its amino acid 
composition, as carboxypeptidases preferably hydrolyzed peptides with bulkier 
amino acids, such as F and V.  
Overall, this study offers insights into hydrolysis rates and patterns of 
extracellular enzymes in estuarine environments using both plain peptides and their 
analogs. Different biological and chemical factors among waters with different salinities, 
together with amino acid compositions in peptides, contribute to different hydrolysis 
patterns and pathways in estuarine environments.  
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Table 3.1. Environmental parameters of initial surface (2 m) seawater at sampling sites.   
Site Coordinates 
Temp 
( ̊C) 
Salinity 
(ppt) 
DO 
(mg· 
L-1) 
Chl a 
(g· 
L-1) 
DOC 
(M) 
DON 
(M) 
DCAA 
(M) 
DFAA 
(M) 
NO3- 
(M) 
NO2- 
(M) 
PO43- 
(M) 
NH4+ 
(M) 
Bacterial 
abundance 
(cells·ml-1) 
T1  
28.97ºN, 
89.47ºW 25.2 18 7.4 1.65 216.7 27.9 5.42 0.30 18.43 0.76 0.31 3.65 1.85*106 
T2  
28.85ºN, 
89.80ºW 25.2 19 6.6 0.82 258.3 35.6 2.95 0.28 15.99 ud 0.11 1.97 8.49*106 
C6  
28.87ºN, 
90.50ºW 25.5 27 7.9 1.51 233.3 12.9 1.79 0.18 0.54 ud 0.11 0.85 1.47*106 
T3  
28.58ºN, 
90.05ºW 24.4 36 6.7 0.08 108.3 8.4 2.88 0.11 0.02 ud 0.11 0.90 8.32*105 
T6  
27.72ºN, 
90.94ºW 25.4 36 6.5 0.04 83.3 6.9 2.34 0.07 0.05 ud 0.11 0.12 3.66*105 
DWH  
28.74ºN, 
88.36ºW 25.1 35 6.6 0.10 325.0 14.8 5.08 0.13 0.03 ud 0.14 0.89 9.19*105 
             ud: under detection limit (ca. 0.03 M) 
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Table 3.2. Major heterotrophic bacterial community structure (normalized as genus%) of initial seawater at each station.  
Genus T1 T2 C6 T3 T6 DWH 
Flavobacterium 13.4 20.0 31.4 5.8 7.6 10.4 
Ruegeria 9.4 10.0 5.7 3.0 0.2 2.4 
Candidatus Pelagibacter 4.0 4.3 3.3 41.4 42.3 30.1 
Roseobacter 10.7 8.1 3.3 2.9 0.4 2.3 
Glaciecola 1.3 2.3 2.1 2.8 0.6 5.1 
Sphingobacterium 2.3 2.1 0.0 9.8 8.9 10.7 
Microbulbifer 0.3 0.6 0.0 3.9 0.8 5.3 
Alteromonas 5.6 0.0 0.0 0.3 2.4 0.0 
Others 53.0 52.6 54.0 30.0 36.7 33.7 
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Table 3.3. Correlation coefficients among environmental parameters or between environmental parameters and AVFA 
hydrolysis rates. Significant correlation was marked with asterisk (*p<0.05; **p<0.001).  
 Temp Salinity DO Chl a DOC DON NO3- NO2- PO43- NH4+ 
Bacterial 
abundance 
Bacterial 
community 
PC1 
AVFA 
hydrolysis 
rate 
Temp 1             
Salinity 0.33 1            
DO 0.37 -0.47 1           
Chl a -0.12 -0.93* 0.75 1          
DOC -0.59 -0.46 0.12 0.43 1         
DON -0.62 -0.87* 0.20 0.71 0.71 1        
NO3- -0.12 -0.90* 0.29 0.77 0.14 0.66 1       
NO2- -0.27 -0.66 0.40 0.65 -0.13 0.39 0.65 1      
PO43- -0.68 -0.51 0.19 0.51 0.30 0.44 0.34 0.77 1     
NH4+ -0.50 -0.70 0.32 0.60 0.26 0.77 0.49 0.65 0.51 1    
Bacterial 
abundance 
-0.32 -0.93* 0.41 0.83* 0.60 0.94* 0.77 0.39 0.27 0.71 1   
Bacterial 
community 
PC1 
0.32 0.93* -0.23 -0.77 -0.54 -0.89* -0.89* -0.39 -0.27 -0.54 -0.94* 1  
AVFA 
hydrolysis 
rate 
-0.33 -1.00** 0.47 0.93* 0.46 0.87* 0.90* 0.66 0.51 0.70 0.93* -0.93* 1 
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Figure 3.1. Sampling sites in the northern Gulf of Mexico. Colored isobath contours show 
depths of the water column. Solid dots, low-salinity stations (C6, T1, T2); 
open dots, high-salinity stations (T3, T6, DWH). 
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Figure 3.2. Major heterotrophic bacterial genus composition (normalized as percentage) 
of initial seawater at each station. 
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Figure 3.3. PCA analysis of major heterotrophic bacterial genus of initial seawater at 
sampling stations. Distinct groups were clustered in circles. 
 
  
 63 
Figure 3.4. LYA-AVFA hydrolysis curves with killed control curves (concentration vs. 
incubation time) at Stas. (a) T1, (b) T2, (c) T3, and (d) DWH. Data points 
were presented as average ± standard deviation of replicate samples. Note 
LYA-AVFA killed control was not conducted at Sta. DWH. Part of the Sta. 
T2 hydrolysis data was published in Liu and Liu (2014). 
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Figure 3.5. Comparison of hydrolysis rates between peptide analogs (LYA-Ala4, LYA-
AVFA) and plain peptides (Ala4, AVFA) at Stas. (a) T1, (b) T2, (c) T3, and 
(d) DWH. Hydrolysis rates were obtained from the slope of linear regression 
on peptide hydrolysis curves. Error bars represent standard errors of the 
slope from linear regression. Letters above the bars indicate significant 
differences (ANOVA and Bonferroni t test, p<0.05) of the hydrolysis rates. 
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Figure 3.6. AVFA hydrolysis curves together with killed control curves (concentration 
vs. incubation time) at Stas. (a) T1, (b) T2, (c) T3, and (d) DWH. Data 
points were presented as average ± standard deviation of replicate samples. 
Part of the Sta. T2 hydrolysis data was published in Liu and Liu (2014). 
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Figure 3.7. LYA-Ala4 hydrolysis curves together with killed control curves 
(concentration vs. incubation time) at Stas. (a) T1, (b) T2, (c) T3, and (d) 
DWH. Data points were presented as average ± standard deviation of 
replicate samples. Note LYA-Ala4 killed control was not conducted at Sta. 
DWH. 
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Figure 3.8. Ala4 hydrolysis curves together with killed control curves (concentration vs. 
incubation time) at Stas. (a) T1, (b) T2, (c) T3, and (d) DWH. Data points 
were presented as average ± standard deviation of replicate samples. Note 
Ala4 killed control was not conducted at Sta. DWH. 
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Figure 3.9. Produced peptide fragments (LYA-AVF, LYA-AV, and LYA-A) from LYA-
AVFA hydrolysis at Stas. (a) T1, (b) T2, (c) T3, and (d) DWH. 
Concentrations of LYA-AVF and LYA-AV were calculated by assuming a 
same response factor between LYA-AVFA and LYA-AVF or LYA-AV 
from the fluorescence detection. Data points are presented as averages ± 
standard deviations of replicate samples.   
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Figure 3.10. Produced peptide fragments (AVF and VFA) and amino acids (A, V and F) 
from AVFA hydrolysis at Stas. (a) T1, (b) T2, (c) T3, and (d) DWH. Data 
points are presented as average ± standard deviation of replicate samples.   
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Figure 3.11. Produced peptide fragments (LYA-Ala3, LYA-Ala2, and LYA-Ala) from 
LYA-Ala4 hydrolysis at Stas. (a) T1, (b) T2, (c) T3, and (d) DWH. 
Concentrations of LYA-Ala3 and LYA-Ala2 were calculated assuming a 
same response factor between LYA-Ala4 and LYA-Ala3 or LYA-Ala2 from 
the fluorescence detection. Data points were presented as average ± standard 
deviation of replicate samples. 
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Figure 3.12. Produced peptide fragments (Ala3+Ala2 and Ala) from Ala4 hydrolysis at 
Stas. (a) T1, (b) T2, (c) T3, and (d) DWH. Concentrations of Ala3+Ala2 
might be overestimated due to the overlap of Ala3 and Ala2 in HPLC 
chromatograms and their concentrations were calculated based on the Ala3 
standard that has higher response factor than Ala2. Data points were 
presented as average ± standard deviation of replicate samples.  
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Figure 3.13. Hydrolysis, uptake and undegraded peptide percentage of AVFA with 
incubation time at Stas. (a) T1, (b) T2, (c) T3, and (d) DWH. Hydrolysis 
percentage was calculated as the sum of concentrations of VFA, AVF and F 
divided by the initial amended AVFA concentrations, undegraded 
percentage was calculated as leftover AVFA concentrations divided by the 
initial amended AVFA concentrations and uptake percentage was calculated 
as 100% minus hydrolysis and undegraded percentage. Note hydrolysis 
percentage may be underestimated due to the uptake of peptide fragments or 
amino acids. 
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Figure 3.14. Hydrolysis, uptake and undegraded peptide percentage of Ala4 with 
incubation time at Stas. (a) T1, (b) T2, (c) T3, and (d) DWH. Hydrolysis 
percentage was calculated as concentrations of Ala divided by the initial 
amended Ala4 concentrations, undegraded percentage was calculated as 
leftover Ala4 concentrations divided by the initial amended Ala4 
concentrations and uptake percentage was calculated as 100% minus 
hydrolysis and undegraded percentage. Note hydrolysis percentage may be 
underestimated due to the uptake of peptide fragments or amino acids. 
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(c)                                          (d) 
  
 
 
 74 
Figure 3.15. Bacterial abundance change with time for peptide analogs and plain peptides 
incubations at Stas. (a) T1, (b) T2, (c) T3, and (d) DWH. Data points were 
presented as average ± standard deviation of replicate samples. Note that the 
y scale for (a) and (b) is one order of magnitude higher than that for (c) and 
(d). 
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Figure 3.16. AVFA hydrolysis curves (concentration vs. incubation time) at 6 stations 
(T1, T2, C6, T3, T6, DWH). Data points were presented as average ± 
standard deviation of replicate samples. 
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Figure 3.17. Comparison of AVFA hydrolysis rates at 6 stations (T1, T2, C6, T3, T6, 
DWH). Hydrolysis rates were obtained from the slope of linear regression 
on peptide hydrolysis curves. Error bars represent standard errors of the 
slope from linear regression. Letters above the bars indicate significant 
differences (ANOVA and Bonferroni t test, p<0.05) of the hydrolysis rates. 
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Figure 3.18. AVFA concentration in the killed control incubation at 6 stations (T1, T2, 
C6, T3, T6, DWH). Data points were presented as average ± standard 
deviation of duplicate samples. 
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Figure 3.19. Bacterial abundance change with time for AVFA incubations at 6 stations 
(T1, T2, C6, T3, T6, DWH). Data points were presented as average ± 
standard deviation of replicate samples. 
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Figure 3.20. Comparison of AVFA hydrolysis rates plotted against salinity at 6 stations 
(T1, T2, C6, T3, T6, DWH). Hydrolysis rates were obtained from the slope 
of linear regression on peptide hydrolysis curves. Error bars represent 
standard errors of the slope from linear regression.  
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Chapter 4. Effects of chemical structure on hydrolysis pathways of 
small peptides in the coastal Gulf of Mexico 
ABSTRACT 
Deciphering peptide hydrolysis pathways is key to understanding the mechanism 
of peptide hydrolysis, in particular the types of extracellular enzymes that are active in 
seawater. The role of amino-, carboxy-, and endopeptidases can be estimated 
quantitatively from the hydrolyzed fragments of small peptides. In this study, we 
incubated several small peptides with different amino acid compositions in two coastal 
locations (Sta. SC in the western Gulf of Mexico and Sta. C6 in the northern Gulf of 
Mexico). The peptide substrates used in this study include alanine-valine-phenylalanine-
alanine (AVFA) and its modifications of N-terminal amino acids with serine (S), valine 
(V), arginine (R) and aspartic acid (D). In both locations, aminopeptidases preferentially 
hydrolyzed the N terminal amino acids A and R (97-100% of the total peptidases), 
followed by V (30-90%) and S (37-51%), but were much less accessible to acidic amino 
acid D (0-1%). This pattern indicates that the N-terminal amino acid in a peptide 
structure affects how the peptide is hydrolyzed. In particular, for N-terminal amino acids 
with uncharged side chains, aminopeptidases prefer hydrophobic (A, V) to polar (S) 
amino acids, and for those with charged side chain, aminopeptidases prefer positive-
charged (R) to negative-charged (D) amino acids. This conclusion is supported further 
through investigating trialanine (AAA) and AVF hydrolysis, and comparing hydrolysis 
pathways among AVFA, VFA, phenylalanine-alanine-serine-tryptophan-glycine-alanine  
(FASWGA) and SWGA. Overall, this study provides the first dataset of the relative role 
of different kinds of peptidases in peptide hydrolysis and its dependence on peptide 
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chemical structures, demonstrating substrate selectivity of different peptidases in coastal 
seawater.  
 
INTRODUCTION 
Proteins and peptides account for a major fraction of marine biota in seawater, 
and their hydrolysis is a fundamental process in marine carbon and nitrogen cycles 
(Pantoja et al., 1997; Findlay and Sinsabaugh, 2003; Nagata, 2008). To be available to 
bacteria, proteins and peptides need to be hydrolyzed to small peptides (<600 Da) by 
extracellular enzymes dissolved freely in the water, or by ectoenzymes attached to the 
cell surface or within the periplasmic space of bacteria (Chróst, 1991; Weiss et al., 1991). 
Small peptides have been detected as important intermediates during protein and peptide 
decomposition (Hollibaugh and Azam, 1983; Nunn et al., 2003; Roth and Harvey, 2006). 
As the first step in peptide decomposition, enzymatic hydrolysis is usually considered to 
be rate-limiting (Hoppe, 1991; Meyer-Reil and Koster, 1992; Davey et al., 2001), 
although in certain cases hydrolysis can outpace other factors such as enzyme production 
(Arnosti, 2004).  
The pathway of peptide hydrolysis remains key to understanding the factors 
controlling hydrolysis and interactions between enzymes and peptides. Hydrolysis 
pathways also provide insights into the types of peptidases synthesized by microbes, 
including aminopeptidase, carboxypeptidase and endopeptidase (Chróst, 1991). 
Aminopeptidases cleave peptides from the N-terminus, carboxypeptidases from the C-
terminus, and endopeptidases at internal peptide bonds. The most dominant or active type 
of peptidases can be inferred through the investigation of peptide hydrolysis pathways. 
For example, an N-terminus hydrolysis pathway points to the role of aminopeptidases. 
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Knowing the relative roles of these different peptidases during peptide hydrolysis is a 
fundamental step needed to understand the controlling mechanisms of enzyme synthesis 
by microbes, such as at gene levels (Chróst, 1991).  
Previous studies on hydrolysis pathways have relied mainly on proteins or peptide 
analogs with fluorophores that can easily be detected (Hoppe, 1983; Pantoja et al., 1997; 
Steen and Arnosti, 2013). The dominant role of aminopeptidases, rather than 
endopeptidases, in peptide hydrolysis was suggested by modeling hydrolysis data of 
radiolabeled proteins in aquatic environments (Billen, 1991). However, significant 
contributions of carboxypeptidases and endopeptidases have been observed using a series 
of targeted peptide analogs (Hashimoto et al., 1985; Obayashi and Suzuki, 2005; 
Obayashi and Suzuki, 2008). The peptide analogs in these studies targeted specific kinds 
of peptidases by blocking the peptide N-terminus, C-terminus, or both, making it difficult 
to compare the relative role of these peptidases simultaneously. In contrast, using plain 
peptides without fluorogenic tags allows examination of the relative role of the three 
types of peptidases with all the peptide bonds available. Results from small peptides with 
similar structures suggested that the hydrolysis by aminopeptidases is the dominant 
pathway (Liu et al., 2013), but this conclusion was based on only two peptides. When 
considering the enormous possible structures and amino acid compositions of peptides, 
there is a need to expand the range of peptides to examine the role of chemical structure 
in peptide hydrolysis pathways.  
Our objective here was to evaluate whether amino acid composition in a peptide 
affects its hydrolysis pathway. We used several small plain peptides, including trialanine 
(AAA), alanine-valine-phenyalanine (AVF), VFA, AVFA, VVFA, serine-valine-
phenylalanine-alanine (SVFA), arginine-valine-phenylalanine-alanine (RVFA), aspartic 
acid-valine-phenylalanine-alanine (DVFA), serine-tryptophan-glycine-alanine (SWGA), 
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and FASWGA that range from a tripeptide to a hexapeptide, to study their hydrolysis 
pathways in two coastal seawaters.  
 
MATERIALS AND METHODS 
Seawater sampling and chemical analysis of initial water 
Coastal seawater for incubation was collected from two sampling sites: Sta. SC 
(27.84ºN, 97.05ºW) in Port Aransas, Texas, in the western Gulf of Mexico and Sta. C6 
(28.86ºN, 90.45ºW) in the northern Gulf of Mexico. At Sta. SC, surface seawater was 
collected manually using a 2-L acid-cleaned polyethylene bottle in March 2013, April 
2013, and June 2014. At Sta. C6, surface (2 m) seawater was sampled using Niskin 
bottles mounted on a conductivity-temperature-depth (CTD) rosette (Seabird 911) in May 
2011 and April 2015. Temperature, salinity, dissolved oxygen (DO) and chlorophyll 
fluorescence were monitored by the CTD device (Table 4.1).  
The pH was analyzed through a bench-top pH meter (Thermo Fisher Orion 4-
star). Seawater was filtered through a 0.2 μm pore size Nylon filter (25 mm, Whatman) to 
measure inorganic nutrients, dissolved organic carbon (DOC), total dissolved nitrogen 
(TDN), dissolved free amino acids (DFAA) and total dissolved amino acids (TDAA). 
Nitrate, nitrite, ammonium and phosphate were measured using standard protocols 
(Strickland and Parsons, 1968; Jones, 1984). The inorganic nutrient data for the 2011 Sta. 
C6 were taken from McCarthy et al. (2013). DOC and TDN were analyzed in a total 
organic carbon/TDN analyzer (TOC-V/TNM-1, Shimadzu) within 6% error for 
duplicates. DFAA were measured by HPLC (Shimadzu Prominence) with a fluorescence 
detector after pre-column o-phthaldialdehyde (OPA) derivatization (Lindroth and 
Mopper, 1979; Lee et al., 2000). TDAA were analyzed in the same way as DFAA but 
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after hydrolysis by 6 N HCl under nitrogen at 110 ºC for 20 h (Kuznetsova and Lee, 
2002). Dissolved combined amino acids (DCAA) were calculated as the difference 
between TDAA and DFAA. Measurements of replicate samples of DFAA and DCAA 
had standard deviations of 10-20%. 
 
Peptide incubation  
Small peptides (AVFA, VVFA, SVFA, RVFA, DVFA, AAA, D-AAA, VFA, 
FASWGA, SWGA, AVF) were custom-synthesized by C.S Bio or purchased from 
Sigma-Aldrich. AVF, VFA, and AVFA are partial structures of ribulose-1, 5 
bisphosphate carboxylase oxygenase (RuBisCO). AVFA, VVFA, SVFA, RVFA, and 
DVFA differed in their N-terminal amino acid, ranging from hydrophobic amino acids 
(A, V) to polar amino acid (S) and from basic amino acid (R) to acidic amino acid (D). 
Hydrolysis from the N-terminus of D-AAA (N-terminal alanine as the D isomer) is 
expected to be blocked by the D-alanine because natural enzymes hydrolyze L-amino 
acids preferentially (Morozov, 1979). Custom-designed SWGA and FASWGA contain a 
chromophoric amino acid tryptophan (W), which are easily detectable by fluorescence 
(Liu et al., 2010). Initial properties of the seawater at Sta. SC and/or Sta. C6 and 
incubation setup are listed in Table 4.1.  
Peptide incubations were initiated immediately onboard or in the laboratory after 
seawater collection. Individual peptides were added to the seawater with initial 
concentrations of 3.6-11.5 μmol L-1, which were 3-16 times as high as DCAA that 
presumably include all hydrolyzable peptides and proteins in the initial seawater (Table 
4.1). This high amendment dose is necessary to ensure the detection of hydrolyzed 
products. Peptides were respectively amended in the 30 mL (Sta. C6-2011), 100 mL (Sta. 
 85 
SC-Mar 2013, Sta. SC-June 2014, and Sta. C6-2015) or 180 mL (Sta. SC-Apr 2013) 
seawater in amber round bottles. Duplicate incubations (except for a single incubation at 
Sta. C6 in 2011) were conducted for each peptide in the dark at room temperature (20-25 
ºC), close to the in-situ seawater temperature (Table 4.1), for 19-27 h. Aliquots were 
taken from the duplicate bottles at different time intervals, filtered through 0.2 μm pore 
size cellulose acetate (CA) or polyvinylidene difluoride (PVDF) syringe filters (13 mm 
dia., Whatman GD/X), and preserved at -20 ºC until peptide and amino acid analyses. 
One aliquot (1 mL) was fixed with 3% (final concentration) formaldehyde (AR grade, 
Mallinckrodt Baker) and preserved at 4 ºC for bacterial abundance analysis at Sta. SC in 
2014 and Sta. C6 in 2015. Controls without peptide addition were also included at Sta. 
SC in 2014 and Sta. C6 in 2015.  
 
Peptide and amino acid analysis 
Concentrations of peptides AVF, VFA, AVFA, VVFA, RVFA, SVFA, DVFA 
and their hydrolyzed fragments were analyzed using HPLC (Shimadzu Prominence) 
equipped with a photodiode array (PDA) detector scanning from 190 to 800 nm (Liu et 
al., 2010). Briefly, samples were run through a C18 column (Alltima 5 μ, 250 mm x 4.6 
mm) that maintained at 40 ºC in a column oven. Two mobile phase solvents were used 
for gradient elution: solvent A as 0.05 mol·L-1 sodium phosphate (monobasic anhydrous, 
ACS grade) with pH of 4.5 and solvent B as methanol (HPLC grade). The flow rate was 
1 mL min-1 and the gradient elution program followed the established protocol in Liu et 
al. (2010). Peptide concentrations were quantified at the wavelength of 206 nm.  
AAA, D-AAA and their hydrolysis product dialanine (AA) were analyzed using 
an HPLC (Shimadzu Prominence) coupled with a post-column derivatization system 
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(Pickering Lab Pinnacle). AAA and D-AAA samples were eluted in a lithium ion 
exchange column (Pickering Lab, 4.0 x 100 mm) that provided better separation between 
AAA and its fragment AA than the C18 column (unpublished data). Mobile phases 
included two lithium eluents, Li275 (pH 2.75) and Li750 (pH 7.50), and one lithium 
column regenerant RG003. The flow rate was 0.35 mL min-1 and the gradient elution 
program followed the protocol provided by Pickering Lab (amino acid application 
method 2). The column was kept at 37 ºC. After elution through the column, samples 
were derivatized by TRIONE® ninhydrin reagent (T100) and detected by Ultraviolet-
Visible (UV) detector at 570 nm, after ninhydrin reagent was mixed with the eluted 
samples at a flow rate of 0.3 mL min-1 in a 0.5 mL reactor under 130 ºC.  
Peptides SWGA, FASWGA and their fragments including SW, SWG, WGA, 
ASW, ASWG, FASWG and ASWGA were analyzed using HPLC with a fluorescence 
detector (Ex: 280 nm, Em: 360 nm). Different elution programs were used for SWGA 
and FASWGA, respectively. For SWGA and its fragments, solvent B increased from 
20% to 40% in the first 15 min, then to 100% at 16 min, and remained at 100% for 1 min. 
For FASWGA and its fragments, solvent B ramped from 20% to 50% within 25 min, 
then increased to 100% at 26 min, and kept as 100% from 26 min to 32 min.   
Concentrations of amino acids and fragments AV, VF, WG, GA, FASW were 
measured by HPLC with a fluorescence detector after pre-column OPA derivatization 
(Lindroth and Mopper 1979). The derivatized samples were eluted through a C18 column 
(Alltima 5 μ, 250 mm x 4.6 mm) by mobile phases consisting of 0.05 mol L-1 sodium 
acetate with 5% tetrahydrofuran (solvent A, pH 5.7) and methanol (solvent B) at a flow 
rate of 1 mL min-1. Solvent B was ramped from 20% to 60% during the first 40 min, 
further to 100% in the next 8 min and then kept at 100% for 10 min. Samples were 
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quantified under excitation and emission wavelengths of 330 nm and 418 nm, 
respectively. 
 
Bacterial abundance analysis 
Bacteria samples were stained with SYBR Green II (Molcular probes, 1:100 v/v) 
and enumerated under laser excitation with blue light at 488 nm in a flow cytometer (BD 
Accuri C6) following procedures described in Liu et al. (2013). In brief, bacterial cells 
were counted in a fixed volume mode with a flow rate below 300 events per second and 
cell counts were determined in a dot plot of side scatter (SSC-H) versus green 
fluorescence signal (FL1-H) on a logarithmic scale. Bacterial abundance counting error 
was about 11% between duplicates.  
 
RESULTS 
 Hydrolysis of small peptides  
Peptides AVFA, VVFA, SVFA, RVFA and DVFA were hydrolyzed generally in 
a linear mode at rates ranging from 0.017 mol L-1 h-1 to 0.071 mol L-1 h-1 at Sta. SC in 
2014 (Fig. 4.1). The production of VFA, as high as 0.27 mol L-1, outcompeted other 
peptide fragments during the AVFA and RVFA hydrolysis (Figs. 4.1a, 4.1d). Amino acid 
A increased by 0.16 mol L-1 at 4 h and then decreased in the AVFA incubation, and R 
increased by 0.34 mol L-1 at 12 h followed by a decrease in the RVFA hydrolysis. 
While VFA was a major fragment in the VVFA and SVFA hydrolysis, its concentration 
was about half of that of VVF or SVF (Figs. 4.1b, 4.1c). Increase of V (0.11 mol L-1) 
was the highest among all amino acids in the VVFA hydrolysis, and A increased by 0.18 
mol L-1 and then decreased in the SVFA hydrolysis. In contrast to all above incubations, 
 88 
VFA did not increase at all during the DVFA hydrolysis and DVF was the dominant 
fragment (Fig. 4.1e). Amino acid F and V increased by 0.42 mol L-1 and 0.24 mol L-1 
respectively at 21 h of the DVFA incubation. In the control at Sta. SC, amino acids D and 
V remained nearly constant within 21 h and S, R, A, F all decreased with time; 
concentrations were all below 0.03 μmol L-1 throughout the incubation (Fig. 4.2a). 
Bacterial abundance increased from 1.1-1.6 ×106 per mL at 0 h to 1.5-2.2 ×106 per mL at 
21 h (Fig. 4.2b). The increase of bacterial abundance in the peptide incubation treatments 
ranged from 8% to 86% during the 21-h incubation. Within this time period, bacterial 
abundance increased 33% in the control treatment.     
At Sta. C6 in 2015, peptide hydrolysis rates resembled those in the Sta. SC 
seawater, ranging from 0.014 mol L-1 h-1 to 0.054 mol L-1 h-1 (Fig. 4.3). The 
production of VFA and FA, as high as 0.31 mol L-1, outcompeted all other fragments in 
the AVFA, VVFA and RVFA hydrolysis (Figs. 4.3a, 4.3b, 4.3d). Correspondingly, amino 
acids V, F and R all increased throughout the three incubations and reached up to 0.18-
0.40 mol L-1 at 24 h. In the SVFA hydrolysis, SVF increased by 0.050 mol L-1 at the 
end while VFA and FA increased by 0.092 mol L-1 and 0.11 mol L-1 respectively (Fig. 
4.3c). Amino acid F production was highest among all amino acids in the SVFA 
incubation. In the DVFA hydrolysis, production of FA and DVF was more than one order 
of magnitude higher than that of VFA (Fig. 4.3e). F increased by 0.19 mol L-1 at 24 h of 
the DVFA hydrolysis. Amino acid concentrations decreased with time and remained 
lower than 0.009 μmol L-1 in the controls (Fig. 4.4a). Bacterial abundance changed less 
than 30% from 4.7-5.3 ×106 per mL at 0 h to 3.6-6.1 ×106 per mL at 24 h (Fig. 4.4b).  
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Major hydrolysis pathways of different peptides 
The hydrolysis pathways of tested small peptides were deduced from the peptide 
fragments and amino acids produced during hydrolysis, assuming equivalent bacterial 
uptake of produced fragments that were used for pathway deduction. Mass balance 
calculations revealed that hydrolysis products accounted for 71% ± 35% of decreased 
peptides (Table 4.2), suggesting that ca. 29% of peptide substrates or produced fragments 
might be taken up during the initial incubation stage. If peptide substrates were taken up 
as intact molecule without extracellular hydrolysis, this uptake would not affect our 
deduced hydrolysis pathways. This is also true if peptide substrates were hydrolyzed first 
and produced fragments were taken up at equivalent amounts. Previous studies showed 
similar uptake rate of small peptides and amino acids V, F within a short time, while 
uptake rate of A was higher than that of V or F (Liu et al., 2013). Thus we used peptide 
fragments containing F (e.g., AVF, VFA, FA) and amino acid F instead of A to deduce 
hydrolysis pathways. In addition, the amino acids that increased in the peptide incubation 
were mainly from peptide hydrolysis because their background concentrations were 
consistently low in the control (Figs. 4.2a, 4.4a). As AVFA, VVFA, SVFA, RVFA and 
DVFA only differed in their N-terminal amino acids, VFA and FA were common 
fragments in all five peptides and we can use them to compare hydrolysis of these five 
peptides by aminopeptidases no matter how the fragments were taken up by bacteria.  
The validity of this approach can be demonstrated by VVFA as an example:  
hydrolyzed products of VVFA differed between the 2014 Sta. SC and 2015 Sta. C6 
seawater during the 21-24 h incubation (Figs. 4.1b, 4.3b). At Sta. SC, the production of 
fragment VVF (0.30 μmol L-1) was almost twice as VFA (0.16 μmol L-1) at the end of 
incubation (Fig. 4.1a). Other peptide fragments, such as FA and VF, increased less than 
0.03 μmol L-1 or remained relatively constant throughout the incubation. Amino acid V 
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increased the most by 0.11 μmol L-1, which was comparable to the increased 
concentration of VFA, at 21 h among all amino acids. These patterns indicate that the 
hydrolysis of VVFA in the Sta. SC seawater was mainly as VVFAVVF+A from C 
terminus by carboxypeptidases, followed with VVFAV+VFA from N terminus by 
aminopeptidases. In contrast, at Sta. C6, the concentration increase of VFA (0.31 μmol L-
1) and FA (0.22 μmol L-1) outcompeted that of VVF (0.10 μmol L-1) (Fig. 4.3b), 
consistent with the high production of V. The production of FA could come from either 
stepwise hydrolysis from VVFA to VFA and then to FA by aminopeptidases, or cleavage 
by endopeptidases to produce VV and FA. However, the increase of V (0.64 μmol L-1) 
was about twice as high as F (0.33 μmol L-1), ruling out the second possibility.  
Taken together, these patterns suggest a major pathway of VVFA as 
VVFAV+VFA2V+FA2V+F+A in the Sta. C6 seawater. Similar analysis of 
hydrolyzed products was done for all other tested peptides to derive their major pathways 
in the seawater (Table 4.2, Figs. 4.1, 4.3, 4.5, 4.6). Even though multiple hydrolysis 
pathways are present for some peptides, the cleavage from the N terminus was always the 
major hydrolysis pathway for peptides with N-terminal A, V or R, such as AVF, AVFA, 
VFA, VVFA, and RVFA (Table 4.2). Peptides with N-terminal S were cleaved mainly 
from the C terminus or cleaved from both termini. DVFA was cleaved mostly from C 
terminus.  
The percentages of hydrolysis by different kinds of peptidases were further 
calculated based on the proportions of corresponding fragments in all hydrolyzed 
products. For example, VFA indicated hydrolysis of VVFA by aminopeptidases and VVF 
indicated hydrolysis by carboxypeptidases at Sta. SC as discussed above. Thus, the 
percentage of increased VFA among all produced fragments containing F (VFA, VVF, 
FA, and F) was used as percentage of VVFA hydrolysis by aminopeptidases, that of 
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increased VVF as by carboxypeptidases, and the rest as by endopeptidases. Whereas for 
the VVFA hydrolysis at Sta. C6, the sum of VFA, FA and F increase indicated the 
percentage of VVFA hydrolysis by aminopeptidases, VVF increase represented that by 
carboxypeptidases, and the rest by endopeptidases.  
As produced fragment concentrations changed with incubation time, hydrolysis 
percentages by different peptidases for each peptide may also differ with time. The 
percentages by different peptidases were similar throughout the incubation except a few 
time points in the AVFA, VVFA and DVFA hydrolysis at Sta. SC (Figs. 4.7, 4.8). For 
instance, hydrolysis percentage of SVFA by aminopeptidases varied slightly from 21 to 
37% within 0-21 h, and that of RVFA by aminopeptidases was 79-98% throughout the 
incubation at Sta. SC (Figs. 4.7c, 4.7d); the hydrolysis percentages of all five peptides 
changed less than 10% at different time points in the Sta. C6 seawater (Fig. 4.8). Thus, 
the hydrolysis percentages at the end of incubations were used to compare hydrolysis 
among peptides below. 
 
The effect of N-terminal amino acid on hydrolysis pathways 
When comparing peptides differing only in N-terminal amino acids, hydrolysis by 
aminopeptidases were highest for AVFA and RVFA (97-100%), followed by VVFA (30-
90%) and SVFA (37-51%), and lowest for DVFA (0-1%) at the end of incubation in both 
seawaters (Fig. 4.9). These differences are statistically significant (ANOVA, p<0.001). 
Bonferroni t-test further indicated the significant difference between AVFA and all other 
peptides except RVFA, and between RVFA and DVFA in both seawaters. Hydrolysis by 
aminopeptidases of VVFA and SVFA significantly differed at Sta. C6, but not at Sta. SC. 
In addition, carboxypeptidases contributed substantially (49-100%) to hydrolysis of 
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VVFA at Sta. SC, of SVFA at both stations, and of DVFA at Sta. SC; endopeptidases 
accounted for 37% in the DVFA hydrolysis at Sta. C6. 
 
Testing the preference of A by aminopeptidases 
The predominant role of aminopeptidases in cleaving N-terminal A was further 
supported by the comparison between AAA and D-AAA hydrolysis, as a D isomer at the 
N terminus of peptides may inhibit aminopeptidases. From 0 to 20 h, AAA decreased 
linearly at a rate of 0.05 μmol L-1 h-1, while D-AAA remained relatively constant (Fig. 
4.10). From 20 to 24 h, both AAA and D-AAA were hydrolyzed at faster rates, with 0.58 
μmol L-1 h-1 and 0.23 μmol L-1 h-1, respectively. Note that AAA hydrolysis was 2.5 times 
faster than the D-AAA hydrolysis during this time interval. While AAA concentration 
decreased by 3.37 μmol L-1 (71%) over 24 h, D-AAA concentration only decreased by 
0.73 μmol L-1 (18%) during this time period. The D-isomer on the N-terminus of D-AAA 
may inhibit the hydrolysis by aminopeptidases, which can explain the lower hydrolysis 
rate of D-AAA, especially during the initial period (0-20 h) when the concentration of D-
AAA remained nearly constant. 
The fragments produced during AAA and D-AAA hydrolysis differed. Fragment 
AA produced from AAA hydrolysis increased from 0.01 μmol L-1 to highest 
concentration of 0.19 μmol L-1 at 12 h and then decreased to zero after 20 h (Fig. 4.10a). 
Similarly, amino acid A increased by 0.14 μmol L-1 at 9 h and then decreased to 
background values at 20 h. In contrast, no AA or D-AA was produced from D-AAA 
hydrolysis within 24 h, and concentrations of A in the D-AAA hydrolysis samples stayed 
at low background levels (<0.02 μmol L-1) without measurable increases during the entire 
incubation, except that the initial concentration was higher (0.14 μmol L-1) (Fig. 4.10b). 
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The production of AA and amino acid A was only observed in the AAA hydrolysis, 
suggesting D-AAA was taken up directly as an intact molecule by bacteria. These results 
indicate that the major hydrolysis pathway of AAA was from the N-terminus. 
The role of aminopeptidases in cleaving A was also demonstrated in the AVFA 
and AVF hydrolysis at Sta. C6 in 2011. With N-terminal A, these two peptides were both 
hydrolyzed 100% exclusively by aminopeptidases in the Sta. C6 seawater (Figs. 4.5).  
 
Testing preference of hydrophobic to polar uncharged amino acids by 
aminopeptidases 
In addition to the 2014-Sta. SC and 2015-Sta. C6 experiments, hydrolysis 
between N-terminal hydrophobic and polar uncharged amino acids by aminopeptidases 
were compared at Sta. SC in 2013. These peptides included AVFA, VFA and FASWGA 
starting with hydrophobic amino acids, and SWGA with a polar amino acid at the N 
terminus. About 20-54% of AVFA, VFA and FASWGA were hydrolyzed by 
aminopeptidases, but only 5% for SWGA (Figs. 4.11, 4.6). ANOVA analysis and 
bonferroni t-test showed that the hydrolysis of AVFA and SWGA by aminopeptidases 
was significantly different, and so was hydrolysis of VFA and SWGA. A major 
proportion (46-79%) of AVFA and FASWGA hydrolysis was attributed to 
endopeptidases, and 59-70% of VFA and SWGA hydrolysis was due to 
carboxypeptidases.  
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DISCUSSION 
Factors to be considered when deriving peptide hydrolysis pathways 
In this study we conducted peptide incubations within a relatively short-time 
frame (19-27 h). Bacterial abundances increased at different levels (<85%) over 21-24 h 
(Figs. 4.2b, 4.4b). However, peptide hydrolysis decreased with a linear pattern, indicating 
their hydrolysis rates were constant throughout the incubation time and not affected much 
by the bacteria abundance change. The linearity of peptide hydrolysis within 24 h is 
consistent with previous studies (Liu et al., 2010; Liu et al., 2013).  
It is intriguing that appreciable hydrolysis products were present at 0 h during 
some incubations, such as FASWGA, SWGA, D-AAA, AVFA, VVFA, RVFA, SVFA, 
and DVFA at Sta. SC (Figs. 4.1, 4.6, 4.10). This initial hydrolysis seems to be 
instantaneous as the time lag between peptide amendment and the initial sampling point 
was 2 min at most. The mechanism for this initial instantaneous hydrolysis remains 
unclear, but perhaps some extracellular enzymes can hydrolyze the amended peptide 
extremely quickly (Ziervogel et al., 2007). Our preliminary data indicated that this 
instantaneous hydrolysis was related to extracellular enzymes in cell-free dissolved forms 
(Appendix I). This instantaneous hydrolysis seems to be present only at the beginning of 
the incubation because concentrations of hydrolysis products increased gradually after the 
initial pulse of hydrolysis products. This limited-time effect might be related to the short 
lifetime or low concentrations of these active extracellular enzymes, or the degradation of 
these enzymes by other proteases in the seawater (Chróst, 1991). As we used the 
concentration difference of peptide fragments and amino acids between the target time 
point and the initial time point, the hydrolysis percentages do not include the 
instantaneous hydrolysis. 
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The effects of chemical structure on peptide hydrolysis pathways 
For peptides with uncharged N-terminal amino acids, aminopeptidases tend to 
preferentially cleave A, V, F more than S (Figs. 4.9, 4.11). The hydropathy index of 
hydrophobic amino acids A, V, and F is 1.8, 4.2, and 2.8, respectively, while that of polar 
amino acid S is only -0.8 (Kyte and Doolittle, 1982). This result indicates that 
aminopeptidases prefer hydrophobic amino acids to polar amino acids, and this 
preference is especially pronounced for A as supported by the different hydrolysis 
patterns between AAA and D-AAA (Fig. 4.10). This selectivity of N-terminal amino 
acids by aminopeptidases has also been demonstrated in studies using single bacteria 
cultures. For instance, a periplasmic aminopeptidase purified from Escherichia coli 
exhibited a high preference for A at the peptide N terminus (Lazdunski et al., 1975).  
For the N-terminal amino acids with charged side chains, aminopeptidases 
preferentially cleave basic and positively charged amino acid such as R rather than acidic 
and negatively charged amino acid such as D in the seawater (Fig. 4.9). N-terminal 
glutamic acid (E) and D were consistently resistant to hydrolysis by the extracellular 
aminopeptidase from the marine bacterium Aeromonas proteolytica (Wilkes et al., 1973).  
Amino acid preference by aminopeptidases may be related to the degradation 
index (DI) loading of amino acids. Amino acids with higher DI loading (from Dauwe et 
al. (1999)), that are removed first from bulk organic matter, corresponded to those 
susceptible to a broader range of aminopeptidases with high affinity (Steen et al., 2015). 
However, we observed no correlation between hydrolysis by aminopeptidases and amino 
acid DI loading (Fig. 4.12), which suggests that other mechanisms should be responsible 
to the patterns in our results.  
Alternatively, the preference of hydrophobic or basic N-terminal amino acids by 
aminopeptidases may be related to the properties of the enzyme binding site. Bacterial 
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aminopeptidases can be classified into broad or narrow categories based on their substrate 
specificity (Gonzales and RobertBaudouy, 1996; Yolanda, 2007). For example, PepA 
type aminopeptidases (leucine aminopeptidases), one of the most well-characterized 
aminopeptidases, have broad substrate specificity; they are most effective in removing 
leucine, but can also cleave most other L-amino acids (Delange and Smith, 1971). N-
terminal amino acids with larger and hydrophobic side chains can increase hydrolysis rate 
by leucine aminopeptidases, whereas hydrolysis of amino acids with smaller, ionic and 
hydrophilic side chains are slower (Delange and Smith, 1971; Wilkes et al., 1973). The 
hydrophobic pocket, or active site, of leucine aminopeptidases interact with hydrophobic 
side chain of substrate amino acids, and metal ions inside enzymes stabilize the enzyme 
and interact with the α-amino group and amide N to give a complex in the transition 
state; afterwards the complex undergoes a nucleophilic displacement of amide by an 
attack with hydroxyl ion (Smith and Spackman, 1955; Taylor, 1993). PepN 
aminopeptidases, another type of aminopeptidases with broad substrate specificity, also 
prefer hydrophobic N-terminal amino acids, and can hydrolyze amino acid A rapidly 
(Lazdunski et al., 1975; Mccaman and Villarejo, 1982). The hydrophobicity feature of the 
active binding sites of enzymes and hydrophobic interactions between aminopeptidases 
and substrates may be important in determining the amino acid susceptibility to enzymes. 
This also explains the preferential cleavage of hydrophobic amino acids at the N-terminus 
by aminopeptidases we observed. Within the same hydrophobic amino acid group, the 
preference to hydrolyze these amino acids by aminopeptidases may differ, as indicated by 
different hydrolysis percentages by aminopeptidases among AVFA, VFA, and FASWGA 
or between AVFA and VVFA. This observation further suggests subtle difference of 
substrate susceptibility to aminopeptidases in natural seawater. In addition to 
aminopeptidases with broad specificity mentioned above, some bacterial aminopeptidases 
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have strict specificity, such as aminopeptidases P that hydrolyze N-terminal amino acids 
adjacent to Proline (P), arginine aminopeptidases that are specific to R cleavage, and 
aminopeptidases A that target on N-terminal acidic D or E (Gonzales and 
RobertBaudouy, 1996). The high hydrolysis percentage by aminopeptidases in the RVFA 
hydrolysis observed in our study may be attributed to the active role of either lysine 
aminopeptidases, the enzyme with broad specificity but especially active at cleaving 
lysine (K) and R (Arora and Lee, 1992), or arginine aminopeptidases that is specific to R. 
The small hydrolysis percentage of DVFA by aminopeptidases in the Sta. SC and Sta. C6 
seawater indicates that aminopeptidases A were not so active in the two seawaters. The 
resistance of D to aminopeptidases with broad specificity may be related to its negative 
charge. A positively charged cysteine derivative was susceptible to aminopeptidases 
while negatively charged cysteic acid was unable to be attacked by aminopeptidases 
(Wilkes et al., 1973). Overall, our study provides insights into the active peptidases 
present in the coastal seawater. In particular, PepA type aminopeptidases (leucine 
aminopeptidases) and/or PepN aminopeptidases were active in the hydrolysis of N-
terminal hydrophobic amino acids, and lysine aminopeptidases and/or arginine 
aminopeptidases were active in cleaving N-terminal positively-charged amino acids, but 
aminopeptidases A that cleave negatively-charged amino acids were less active in the 
coastal seawater we studied.  
The susceptibility of substrates to aminopeptidases is not only determined by the 
amino acid at the N terminus (P1 position), but also by the next amino acids (such as 
successive P1’ and P2’ position) in the peptide chain (Delange and Smith, 1971; 
Gonzales and RobertBaudouy, 1996). For example, the release of S from N-terminus 
could be reduced if E was present at the P1’ position adjacent to the N terminus (Wilkes 
et al., 1973). Thus, we should be cautious when interpreting the variation of 
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aminopeptidase hydrolysis among AVFA, VFA and FASWGA at 2013-Sta. SC in our 
study, as they differ in not only N-terminal amino acids but also the ones next to them.  
In addition to the N-terminal amino acid, amino acid in the middle of peptide 
chain may affect peptide hydrolysis pathways. While the internal amino acid W was 
present in FASWGA and SWGA, it could fit in the active site of certain endopeptidases, 
in particular chymotrypsin that preferentially cleaves peptide bonds where the carboxyl 
side is a large hydrophobic amino acid such as F and W (Appel, 1986). Especially high 
percentage (79%) of hydrolysis by endopeptidases was shown in the FASWGA 
hydrolysis at Sta. SC, which might relate to the active role of chymotrypsin in seawater.  
 
Peptide hydrolysis pathways are temporally or spatially dependent 
Previous studies found different active peptidases in environments using peptide 
analogs. For example, aminnopeptidases are active in many systems, such as the Arctic 
fjord, Baltic Sea fjords, and North Atlantic, revealed through Leucine-
Methylcoumarinylamide (Leu-MCA) hydrolysis, while important roles of endopeptidases 
or carboxypeptidases were shown in the coastal water of Japan (Hoppe, 1983; Hashimoto 
et al., 1985; Obayashi and Suzuki, 2005), indicating that peptide hydrolysis pathways 
may be spatially dependent. Our results consistently showed that the major hydrolysis 
pathways for the same peptide substrate vary in different locations or even in the same 
location in different seasons. For example, AVFA hydrolysis by aminopeptidases varied 
from 54% in 2013 to 97% in 2014 at Sta. SC, and VVFA hydrolysis by aminopeptidases 
ranged from 30% to 90% between Sta. SC and Sta. C6. This variation may be related to 
the temporal or spatial difference of the enzymatic activities. Ectoenzymes associated 
with bacterial cells are often the dominant form of extracellular enzymes in peptide 
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hydrolysis (Chróst et al., 1991). Bacterial species can differ in types and activities of their 
ectoenzymes (Arrieta and Herndl, 2002; Arnosti et al., 2005; Murray et al., 2007). For 
instance, 44 isolated pelagic bacteria strains showed a broad range (over 3 orders of 
magnitude) of aminopeptidase activity (Martinez et al., 1996). As the abundance and 
activity of peptidases may differ among bacterial groups and bacterial community is not 
evenly distributed among different seawater (Pommier et al., 2007; Fuhrman and 
Hagstrom, 2008), the bacterial community may affect the major hydrolysis pathways of 
small peptides. Alternatively, some protists, including certain phytoplankton and 
mixotrophic dinoflagellates, can also produce peptidases and utilize organic matter 
through the osmotrophic nutrition strategy (Glibert and Legrand, 2006; Salerno and 
Stoecker, 2009; Liu et al., 2015). The different types of protists present or their different 
nutrition strategies in different seawaters could potentially lead to the different patterns of 
enzyme activities.  
 
Implications 
This study provides the first dataset of relative roles of amino-, endo-, 
carboxypeptidases in the coastal seawater using plain peptides, and demonstrated the 
effects of chemical structure on peptide hydrolysis pathways. The results highlight the 
active role of aminopeptidases hydrolyzing hydrophobic N-terminal amino acids and 
positive-charged amino acids, such as PepA aminopeptidases, PepN aminopeptidases, 
lysine aminopeptidases, and/or arginine aminopeptidases, the less active role of 
aminopeptidases A and resistance of aminopeptidases to negative-charged amino acids in 
coastal seawater. This finding expands from previous studies using enzymes isolated 
from single bacteria strains to comparison of different peptidases in natural marine 
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environments and expand this comparison to more peptidases using plain peptides rather 
than peptide analogs that target specific peptidases. Through comparing hydrolysis 
pathways among different substrates, active roles of certain peptidases with broad or 
specific substrate specificity can be deduced. This approach can be applied to other 
location to map a relative distribution of different peptidases active in coastal and open 
oceans, which may be important to understand factors controlling protein and/or peptide 
hydrolysis patterns and the interactions with microbial community. 
Although amino acid composition of a peptide affects its hydrolysis pathway, 
hydrolysis rates of peptides with N-terminal polar or negative-charged amino acids are 
comparable to those that are preferentially cleaved by aminopeptidases. This observation 
suggests that endopeptidases and/or carboxypeptidases become active in the hydrolysis of 
peptides with N-terminal polar or negative-charged amino acids. In other words, when 
one kind of peptidases does not fit the substrate, other peptidases may cleave peptides 
and achieve rapid hydrolysis rates of labile peptides. More studies on peptides with 
different chemical structures such as ones differing in C-terminal amino acids or internal 
amino acids, are needed to understand the active role of carboxypeptidases or 
endopeptidases, evaluate the whole spectrum of extracellular peptidases, and predict 
hydrolysis patterns of protein or peptides substrates in marine systems.    
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Table 4.1. Physical and chemical parameters of surface seawater from Sta. ship channel (SC) in Port Aransas, TX and Sta. C6 
in the northern Gulf of Mexico, and tested peptide substrates in each sampled seawater. 
Time Station 
Temp 
(ºC) 
Salinity 
(ppt) 
DO 
(mg 
·L-1) 
Chl a 
(μg 
·L-1) 
pH 
NO3- 
(μmol
·L-1) 
NO2- 
(μmol
·L-1) 
NH4+ 
(μmol
·L-1) 
PO43- 
(μmol
·L-1) 
DOC 
(μmol
·L-1) 
TDN 
(μmol
·L-1) 
DCAA 
(μmol 
·L-1) 
DFAA 
(μmol 
·L-1) 
Tested 
peptides 
Mar-
2013 
SC 16.0 33 nm* nm 8.37 1.89 0.11 1.91 0.62 275 26 1.35 0.30 
AAA,  
D-AAA 
Apr-
2013 
SC 22.5 31 nm nm 8.06 1.57 0.02 1.82 0.18 208 18 0.99 0.27 
AVFA, 
VFA, 
FASWGA, 
SWGA 
June-
2014 
SC 27.0 37 nm nm 7.96 4.46 ud** 3.38 0.30 nm nm 0.35 0.08 
AVFA, 
VVFA, 
SVFA, 
RVFA, 
DVFA 
May-
2011 
C6 24.4 27 6.79 0.05 8.37 4.73 0.46 0.46 0.02 175 nm 1.21 0.28 
AVF, 
AVFA 
Apr-
2015 
C6 24.2 25 7.77 4.23 8.38 11.82 ud 2.55 0.05 nm nm 1.07 0.10 
AVFA, 
VVFA, 
SVFA, 
RVFA, 
DVFA 
*nm: not measured; **ud: undetectable. 
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Table 4.2. Summary of hydrolysis products (percentage as dividing summed increasing 
concentrations of peptides fragments and amino acids by concentrations of 
decreasing peptide substrates) at the end of incubations and the major 
hydrolysis pathways of tested small peptides. 
Peptide 
Station-
Year 
Time 
(h) 
Products% Major hydrolysis pathways 
AVFA SC-2013 19 88 AVFAA+VFA, AVFAAV+FA 
VFA SC-2013 19 129 VFAVF+A, VFAV+FA  
FASWGA SC-2013 19 131 FASWGAFASW+GA 
SWGA SC-2013 19 38 SWGASWG+A 
AVFA SC-2014 21 37 AVFAA+VFA 
VVFA SC-2014 21 45 VVFAVVF+A, VVFAV+VFA 
SVFA SC-2014 21 42 SVFASVF+ASV+F+A, SVFAS+VFA 
RVFA SC-2014 21 34 RVFAR+VFAR+V+FAR+V+F+A 
DVFA SC-2014 21 45 DVFADVF+ADV+F+AD+V+F+A 
AVFA C6-2011 27 72 AVFAA+VFAA+V+FA2A+V+F 
AVF C6-2011 24 69 AVFA+VF 
AVFA C6-2015 24 92 AVFAA+VFAA+V+FA2A+V+F 
VVFA C6-2015 24 120 VVFAV+VFA2V+FA2V+F+A 
SVFA C6-2015 24 42 
SVFAS+VFAS+V+FA, 
SVFASVF+ASV+F+A 
RVFA C6-2015 24 49 RVFAR+VFAR+V+FAR+V+F+A 
DVFA C6-2015 24 110 DVFADVF+ADV+F+A, DVFADV+FA 
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Figure 4.1. Concentrations of AVFA (a), VVFA (b), SVFA (c), RVFA (d), and DVFA (e) 
with their major hydrolyzed peptide fragments and amino acids during the 
21-h incubation using the Sta. SC seawater in 2014. Data points were 
presented as average ± standard deviation of duplicate samples. 
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Figure 4.1 (continued) 
(c) SVFA 
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Figure 4.1 (continued) 
(e) DVFA 
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Figure 4.2. Concentrations of DFAA in the control (CTR) without peptide amendment 
(a), and bacterial abundance in each peptide treatment (b) during the 21-h 
incubation using the Sta. SC seawater in 2014. Data points were presented 
as average ± standard deviation of duplicate samples. 
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Figure 4.3. Concentrations of AVFA (a), VVFA (b), SVFA (c), RVFA (d), and DVFA (e) 
with their major hydrolyzed peptide fragments and amino acids during the 
24-h incubation using the Sta. C6 seawater in 2015. Data points were 
presented as average ± standard deviation of duplicate samples. 
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(b) VVFA 
Time (h)
0 5 10 15 20 25 30
P
ep
ti
d
es
 (

m
o
l  
L
-1
)
0.0
0.2
0.4
4.0
5.0
6.0 VVFA
VVF
VFA
FA
VF
Time (h)
0 5 10 15 20 25 30
A
m
in
o
 a
ci
d
s 
(
m
o
l 
L


)
0.0
0.2
0.4
0.6
0.8
A
V
F
                                                                                         
 
 
 
 
 
 
 
 
 
 
 108 
Figure 4.3 (continued)  
(c) SVFA 
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(d) RVFA 
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Figure 4.3 (continued)  
(e) DVFA 
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Figure 4.4. Concentrations of DFAA in the control (CTR) without peptide amendment 
(a), and bacterial abundance in each peptide treatment (b) during the 24-h 
incubation using the Sta. C6 seawater in 2015. Data points were presented 
as average ± standard deviation of duplicate samples. 
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Figure 4.5. Concentrations of AVFA (a) and AVF (b) with their major hydrolyzed 
peptide fragments and amino acids during the 24-27 h incubation using the 
Sta. C6 seawater in 2011. 
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(b) AVF 
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Figure 4.6. Concentrations of AVFA (a), VFA (b), FASWGA (c), and SWGA (d) with 
their major hydrolyzed peptide fragments and amino acids during the 19-h 
incubation using the Sta. SC seawater in 2013. Data points were presented 
as average ± standard deviation of duplicate samples. 
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(b) VFA 
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Figure 4.6 (continued) 
(c) FASWGA 
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(d) SWGA 
time (h)
0 5 10 15 20 25
P
ep
ti
d
es
 (

m
o
l 
L
-1
)
0.0
0.1
0.2
12.0
14.0 SWGA
SWG
WGA
SW
GA
WG
Time (h)
0 5 10 15 20 25
A
m
in
o
 a
ci
d
s 
(
m
o
l 
L
-1
)
0.0
0.4
0.8
1.2
1.6
S
G
A
W
  
 114 
Figure 4.7. Percentages of hydrolysis by aminopeptidases, carboxypeptidases, and 
endopeptidases at each time point during the AVFA (a), VVFA (b), SVFA 
(c), RVFA (d), and DVFA (e) incubations using the Sta. SC seawater in 
2014. 
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Figure 4.8. Percentages of hydrolysis by aminopeptidases, carboxypeptidases, and 
endopeptidases at each time point during the AVFA (a), VVFA (b), SVFA 
(c), RVFA (d), and DVFA (e) incubations using the Sta. C6 seawater in 
2015. 
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Figure 4.9. Percentages of hydrolysis by aminopeptidases, carboxypeptidases, and 
endopeptidases at the end time point (21-24 h) in the AVFA, VVFA, SVFA, 
RVFA and DVFA incubations using Sta. SC seawater in 2014 (a) and Sta. 
C6 seawater in 2015 (b). Error bars represented standard deviation of 
duplicate samples. 
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Figure 4.10. Concentrations of AAA (a) and D-AAA (b) with their hydrolyzed products 
during the 24-h incubation in the Sta. SC seawater. Data points were 
presented as average ± standard deviation of duplicate samples. 
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Figure 4.11. Percentages of hydrolysis by aminopeptidases, carboxypeptidases, and 
endopeptidases at the end time point (19 h) in the AVFA, VFA, FASWGA 
and SWGA incubations using Sta. SC seawater in 2013. Error bars 
represented standard deviation of duplicate samples. 
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Figure 4.12. Percentages of hydrolysis by aminopeptidases vs. degradation index (DI) 
loading of N-terminal amino acids (from Dauwe et al. (1999)) for the 
peptide incubations at Sta. SC in 2014 (a), at Sta. C6 in 2015 (b), and Sta. 
SC in 2013 (c). 
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Chapter 5. Linking peptide decomposition and bacterial communities in 
the northern Gulf of Mexico normoxic and hypoxic waters using DNA 
stable isotope probing 
ABSTRACT 
Proteins and peptides are key components of the labile dissolved organic matter 
(LDOM) pool in marine environments. Knowing which types of bacteria metabolize 
peptides is necessary to understand the factors that govern peptide decomposition and 
further carbon and nitrogen remineralization in marine environments. A 13C-labeled 
tetrapeptide, alanine-valine-phenylalanine-alanine (AVFA), was added to both surface 
(normoxic) and bottom (hypoxic) seawater from a coastal station in the northern Gulf of 
Mexico for a two-day incubation experiment, and bacteria that incorporated the peptide 
were identified using DNA-stable isotope probing (DNA-SIP). The decomposition rate of 
AVFA in the bottom hypoxic seawater (0.018-0.035 M h-1) was twice as fast as that in 
the surface normoxic seawater (0.011-0.017 M h-1). Bacterial community structure 
changed differently between the surface and bottom water incubations. DNA-SIP data 
consistently showed that incorporation of 13C-AVFA was highest for Flavobacteria, 
Sphingobacteria, Alphaproteobacteria, Cyanobacteria, and Actinobacteria in the surface 
water, while highest for Alphaproteobacteria and Gammaproteobacteria in the bottom 
water. High 13C enrichment was observed in three genera (Thalassococcus, 
Rhodobacteraceae, Ruegeria) belonging to Alphaproteobacteria and five genera 
(Colwellia, Balneatrix, Thalassomonas, Pseudoalteromonas, Neptuniibacter) belonging 
to Gammaproteobacteria in the bottom water, suggesting that these bacteria may have 
high capabilities in metabolizing dissolved peptides in marine systems and contribute to 
faster peptide decomposition in the bottom water. Taken together, this study offers 
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insights into the types of bacteria that can metabolize labile organic matter in hypoxic vs. 
normoxic coastal waters of the northern Gulf of Mexico. 
 
INTRODUCTION 
Proteins and peptides are key components of labile dissolved organic matter 
(LDOM) that supports bacterial growth (Azam, 1998). Small peptides (ca. <600 Da) are 
key immediate products of microbial protein decomposition owing to the size constraints 
of bacterial cell membrane transport systems, i.e., porins (Weiss et al., 1991). After 
proteins are degraded to small peptides, these small peptides can be either taken up 
directly by bacteria as intact substrates, or hydrolyzed further to individual amino acids 
via extracellular enzymes with subsequent uptake of amino acids by bacteria. The 
interaction between peptide decomposition and bacteria plays an important role in the 
cycling of carbon and nitrogen, regeneration of nutrients, and preservation of refractory 
dissolved organic nitrogen (DON) (Aluwihare et al., 2005; Nagata, 2008).  
Our previous studies have demonstrated that small peptides decompose more 
quickly in bottom hypoxic than in surface normoxic (normal oxygen-saturated) waters in 
the northern Gulf of Mexico (nGOM), and that certain bacterial genera, such as 
Neptuniibacter, Pseudoalteromonas, and Roseobacter, grew exceptionally well in the 
bottom hypoxic water with added peptides (Liu et al., 2013; Liu and Liu, 2016). These 
results suggest that some bacterial groups may be particularly effective at metabolizing 
peptide-derived organic matter in hypoxic seawater, but direct evidence of linkage 
between bacterial communities and peptide decomposition is needed. Knowing which 
types of bacteria metabolize peptides in the hypoxic seawater is also important to 
 122 
understanding the factors controlling hypoxia formation, as decomposition of labile 
organic matter leads to rapid consumption of dissolved oxygen (Liu et al., 2013).  
Previous studies have demonstrated that some bacterial groups can outcompete 
others during the utilization of labile DOM (Eilers et al., 2000; Teske et al., 2011; Liu et 
al., 2015). For instance, the bacterial community shifted to Alphaproteobacteria and 
Betaproteobacteria dominated phylotypes in mesocosm tanks with diatom blooms that 
produced labile proteins, peptides and polysaccharides exudates (Murray et al., 2007). 
After bovine serum albumin (BSA) amendment, Gammaproteobacteria became the 
dominant bacterial class in the Chesapeake Bay water, while Bacteroidetes became 
dominant in the lower Delaware Bay water (Harvey et al., 2006). However, requisite 
phylogeny-based incubation studies provide only indirect evidence of the role of different 
bacterial groups play in labile DOM mineralization, and only a few studies to date have 
linked specific bacteria groups with labile DOM decomposition directly using 
radioisotope-labeled substrate and microautoradiography combined with fluorescent in 
situ hybridization (MAR-FISH) technique (Tabor and Neihof, 1982). For example, 
Cottrell and Kirchman (2000) identified that Bacteroidetes and Gammaproteobacteria 
actively utilized 3H-labeled protein in two estuary waters.  
While powerful, hybridization techniques such as MAR-FISH are a targeted 
approach. Unique probes are applied in order to detect individual phylogenetic groups. 
These techniques, however, often do not allow the identification of active bacteria 
beyond limited taxonomic depth due to probe hybridization constraints. In contrast, 
DNA-stable isotope probing (SIP) technique, combined with next generation sequencing 
approaches, provides an opportunity to interrogate activity in situ and to identify bacteria 
at fine phylogenetic levels without a priori selection of specific phylotypes. Historically, 
the DNA-SIP technique has been applied to identify bacteria that can degrade one-carbon 
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(C1) compounds or specific pollutants in many environmental studies, such as 
discovering novel bacteria that degrade methanol, toluene, or alkanes in the soil, 
sediments or marine seeps (Radajewski et al., 2000; Neufeld et al., 2007b; Luo et al., 
2009; Redmond et al., 2010; Kleindienst et al., 2014). More recently, the application of 
DNA-SIP has been extended to marine environments to investigate C and N cycles, such 
as studying urea uptake by marine pelagic bacteria and archaea in Arctic water, 
comparing bacteria incorporating glucose and Cyanobacteria exudates in the Sargasso 
Sea, and exploring acetate-utilizing bacteria at the oxic-anoxic interface in the Baltic Sea 
(Gihring et al., 2009; Wawrik et al., 2009; Nelson and Carlson, 2012; Wawrik et al., 
2012a; Berg et al., 2013; Connelly et al., 2014). 
The objective of this study was to gain insight into bacterial types utilizing 
peptides in the nGOM normoxic and hypoxic seawater. This information is important 
because our preliminary studies showed that certain bacterial genera outcompeted others 
and might be responsible for rapid peptide decomposition in the hypoxic zone, as 
discussed above. As a model for small peptides, the13C-labeled tetrapeptide alanine-
valine-phenylalanine-alanine (AVFA) was incubated in both surface normoxic and 
bottom hypoxic seawater in the nGOM. The AVFA sequence is within the ribulose-1,5-
biphosphate carboxylase/oxygenase (RuBisCO) enzyme that is ubiquitous in 
photosynthesis and has been used to investigate peptide hydrolysis (Liu et al., 2010; Liu 
and Liu, 2014; Liu and Liu, 2015; Liu et al., 2015). Although individual peptides are 
often undetectable in natural seawater due to their rapid turnover, they support bacterial 
growth as intermediates released from sloppy-feeding or lysis of cells (Bronk, 2002; 
Nagata, 2008). This study identified different bacterial taxa utilizing the added AVFA in 
the normoxic and hypoxic seawater and directly linked bacterial communities to peptide 
decomposition. 
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MATERIALS AND METHODS 
Seawater sampling 
Surface (2 m) and bottom (16 m) seawater were collected at Sta. C6 (28°52’N, 
90°30’W) in the nGOM during a May 2013 cruise on the R/V Pelican. This station, with 
a depth of 18 m and ca. 20 km offshore, is heavily influenced by Mississippi River 
discharge and often subjected to hypoxia during summer (Rabalais et al., 2001). Seawater 
was sampled using 10 L Niskin bottles mounted on a conductivity-temperature-depth 
(CTD) rosette (Seabird 911). Temperature, salinity, dissolved oxygen (DO) and 
chlorophyll a of seawater were monitored through the CTD device (Table 5.1). Seawater 
was filtered immediately onboard through a 0.2 m Nylon filter (dia. 47 mm, Whatman) 
and preserved under -20 °C for the analysis of dissolved organic carbon (DOC), total 
dissolved nitrogen (TDN), total dissolved amino acids (TDAA), dissolved combined 
amino acids (DCAA), dissolved free amino acids (DFAA) and nutrients.  
 
Peptide incubation 
Peptides 12C-AVFA and 13C-AVFA were custom-synthesized (C.S Bio, CA), and 
had a >95% compound purity (Liu et al., 2013). In 13C-AVFA, 17 out of total 20 carbon 
atoms were labeled isotopically (all three carbons in A, all five carbons in V and six 
carbons of the aromatic ring in F). AVFA was incubated onboard in the surface normoxic 
and bottom hypoxic seawater. Briefly, either 12C-AVFA or 13C-AVFA was respectively 
amended in a series of 125 mL amber bottles filled with 120 mL seawater at a final 
concentration of 0.25-0.47 M. Duplicate incubations were conducted in the dark for 48 
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h at 24 °C, close to the ambient seawater temperature (Table 5.1). At different time points 
(0, 8, 13, 24, and 48 h), 1 mL aliquot of unfiltered water was collected and fixed with 
formaldehyde at a final concentration of 3% and stored at 4 °C for bacterial abundance 
analysis; the remaining 119 mL were filtered through the 0.2 m Nylon filter and 
preserved at -20 °C for the analysis of peptides, amino acids, ammonium and phosphate 
(Pi). The filters were preserved in 1×STE (10 mM Tris-HCl [pH 8.0], 0.1 M NaCl, 1 mM 
EDTA [pH 8.0]) buffer at -20 °C for DNA extraction and sequencing. Dissolved oxygen 
(DO) was not monitored throughout the incubation, but the parallel incubation 
experiment showed that it remained relatively constant throughout the 72 h (Liu and Liu, 
2016).   
Two kinds of control were included for the incubation experiment: a seawater 
control without peptide amendment and a killed control with 0.48-0.58 M 12C-AVFA 
and 180 M HgCl2 to inhibit bacterial activity (Lee et al., 1992). The incubation and 
aliquot sampling for the controls followed the same procedures as described above, but 
only AVFA was analyzed in the killed control.   
 
Chemical analyses 
DOC and TDN of the filtered initial seawater were analyzed using a Shimadzu 
total organic carbon (TOC-V) analyzer coupled with a TNM-1 TDN analyzer with <6% 
error between duplicates (Table 5.1). DFAA were analyzed in a high performance liquid 
chromatography (HPLC, Shimadzu Prominence) equipped with a fluorescence detector 
after pre-column o-phthaldialdehyde (OPA) derivatization (Lindroth and Mopper, 1979; 
Lee et al., 2000). TDAA were analyzed in the same way as DFAA but after hydrolysis in 
6 N HCl under nitrogen at 110 °C for 20 h (Kuznetsova and Lee, 2002). DCAA were 
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calculated as TDAA subtracting DFAA. Nitrate, nitrite and phosphate (Pi) were measured 
following established protocols (Strickland and Parsons, 1968; Jones, 1984).  
AVFA was analyzed in an HPLC-mass spectrometry (HPLC-MS) system 
(Shimadzu Prominence) following the method in Liu and Liu (2014). In brief, the mobile 
phase A was 10 mM ammonium acetate and mobile phase B was methanol. Samples 
were eluted through a C18 column (Alltima 5 μm, 150 mm × 4.6 mm) and a 6-way valve 
was programmed to direct the sea salt peak to waste before introducing the AVFA peak 
to the MS detector that is equipped with an electrospray ionization (ESI) source and a 
quadrupole mass analyzer. 12C-AVFA and 13C-AVFA were quantified in positive ion 
mode under selective ion monitoring (SIM) at m/z = 407 and 424, respectively.  
AVFA hydrolysis products including peptide fragments (AV, VF, FA, VFA) and 
amino acids (A, V, F) were analyzed by HPLC after pre-column OPA derivatization (Liu 
et al., 2013). Standard deviations of amino acid analysis among replicates were 10-20%. 
Ammonium, a main metabolite of AVFA, was analyzed using HPLC with post-column 
OPA derivatization (Gardner and St. John, 1991). Pi concentrations were also monitored 
throughout the incubation.  
 
Bacterial abundance analysis 
Bacterial cells in the formaldehyde-preserved samples were stained with SYBR 
Green II (Molecular Probes, 1:100 v/v) and enumerated in a flow cytometer (BD Accuri 
C6) under blue laser excitation at 488 nm (Marie et al., 1997; Liu et al., 2013). Bacterial 
cells were counted in a fixed volume mode with a flow rate below 300 events per second 
and cell counts were determined in a dot plot of side scatter (SSC-H) versus green 
fluorescence signal (FL1-H) on a logarithmic scale.  
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DNA extraction and ultracentrifugation in CsCl gradients 
DNA was extracted from filtered cells using MoBio PowerSoil® DNA isolation 
kits (MoBio Laboratories, Carlsbad, CA). The extracted DNA was quantified in both a 
Nanodrop 1000 Spectrophotometer (Thermo Scientific) and a Qubit® 2.0 Fluorometer 
(Life Technologies). A subsample (ca. 10 L) at each incubation time point was saved 
for microbial community structure analysis, and the remainder (ca. 80 L) was for the 
ultracentrifugation in CsCl gradients. All duplicate DNA samples from three time points 
(13h, 24h, and 48 h) were pooled for surface and bottom seawater incubations to obtain 
sufficient DNA for ultracentrifugation and later fractionation. The impact of pooling was 
considered acceptable, given minimal changes in community structure from 13 h to 48 h 
during incubation (see Results). The pooled DNA was precipitated using isopropanol, 
and the DNA pellet was then re-suspended in 50 L TE buffer (50 mM Tris-HCl, 15 mM 
EDTA [pH 8.0]) as previously described (Wawrik et al., 2009). Four pooled DNA 
samples (12C-AVFA surface, 13C-AVFA surface, 12C-AVFA bottom, 13C-AVFA bottom) 
were prepared for ultracentrifugation.  
DNA ultracentrifugation in CsCl gradients and fractionation followed protocols as 
described previously (Buckley et al., 2007; Luo et al., 2009; Wawrik et al., 2009; Wawrik 
et al., 2012a). In brief, ca. 61-170 ng DNA was mixed with 0.26 mL TE buffer and 4.45 
mL of 1.295 g mL-1 CsCl in gradient buffer A (15 mM Tris-HCl [pH 8.0], 15 mM KCl, 
15 mM EDTA [pH 8.0], 2 mg mL-1 ethidium bromide) in 4.7 mL polyallomer Optiseal 
tubes (Beckman). The tubes were centrifuged in a Beckman rotor VTi 65.2 at ca. 140,000 
× g for 72 h. After ultracentrifugation, thirty 150 L fractions were collected from each 
tube in a Beckman fraction recovery system by replacing samples with mineral oil on top 
of the tubes at a constant rate using a peristaltic pump. The density of each fraction was 
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calculated based on the refractive index that was measured in a Reichert AR200 
refractometer (Wawrik et al., 2009). DNA was purified from each CsCl fraction by 
isopropanol precipitation and dissolved in 50 L sterile nuclease-free water.  
 
Quantitative PCR (qPCR) of 16S rRNA gene 
The purified DNA from each SIP fraction was used to determine 16S rRNA gene 
copy numbers of bacteria and archaea via qPCR. Primers were 27F (5’-AGA GTT TGA 
TCM TGG CTC AG-3’) and 519R (5’-GWA TTA CCG CGG CKG CTG-3’) for bacteria 
and A8F (5’-TCC GGT TGA TCC TGC C-3’) and A344R (5’-TCG CGC CTG CTG CIC 
CCC GT-3’) for archaea. Every 30 L reaction mix for qPCR included 13.9 L 1X 
Power SYBR Green PCR master mix (Applied Biosystems), 13.9 L nuclease-free water, 
200 nM (final concentration) of each primer, and 2 L DNA template. qPCR was 
conducted in a real-time PCR system (Applied Biosystems, ABI 7300) followed the 
program: 2 min at 50 °C, 8 min at 95 °C, 40 cycles of 30 s at 95 °C, 1 min at 55 °C and 1 
min at 72 °C. Genomic DNA of Roseobacter denitrificans Och 114 (DSMZ 7001) was 
used as the standard DNA for bacteria and a linearized plasmid with the 16S rRNA gene 
of Methanospirillum hungatei JF-1 for archaea. Since archaeal qPCR results were mostly 
below the detection limit, only bacterial results are presented here.  
 
PCR, barcoding, and Illumina sequencing 
Partial 16S rRNA genes of DNA from each incubation time point and purified 
DNA from SIP gradients were amplified by PCR using Phusion high-fidelity DNA 
polymerase (Thermo Scientific) and barcoded for Illumina sequencing. For every 30 L 
PCR reaction, 6 L Phusion HF buffer, 0.6 L 10 mM dNTPs, 0.15 L 100 mM (final 
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concentration of 0.5 M) universal forward primer M13-519F with a 5’ M13 tag on it 
(5’-GTA AAA CGA CGG CCA GCA CMG CCG C-3’), 0.15 L reverse primer Bac-
785R (5’-TAC NVG GGT ATC TAA TCC-3’), 0.3 L Taq polymerase (final 
concentration of 0.02u L-1), 20.8 L nuclease-free water, and 2 L DNA template were 
mixed (Klindworth et al., 2013). PCR started with 94 °C for 2 min, followed by 28 or 32 
cycles (32 cycles for surface SIP gradient samples, 28 cycles for bottom SIP gradient 
samples and samples at individual incubation time point) of 95 °C for 30 s, 52.8 °C for 30 
s, and 72 °C for 30 s, then 72 °C for 5 min. The number of PCR cycles was determined 
based on qPCR results and agarose gel check of PCR products to make sure enough PCR 
products were obtained but not reaching PCR plateau. Water, instead of DNA template, 
was used as negative control. 
PCR products were purified by QIAquick PCR purification kit (Qiagen) and 
barcoded with a different 8-bp forward primer for every sample by loading 2 L cleaned 
PCR products in the 30 L Phusion polymerase reaction mix (Wawrik et al., 2012b). 
Barcode tagging was conducted through a short 6-cycle PCR and checked by gel 
electrophoresis. Barcoded samples were sent to the Oklahoma Medical Research 
Foundation for MiSeq Illumina sequencing. Adapter and primer of raw Illumina 
sequences were first removed and then overlapping forward and reverse reads were 
stitched. Processed sequences were clustered into OTUs using UCLUST, checked for 
chimeras using USEARCH and classified into taxonomy through the QIIME pipeline 
(Caporaso et al., 2010b). A randomly-chosen set of representative sequences from each 
OTU was aligned to the SILVA small-subunit rRNA reference alignment (www.arb-
silva.de) using the PyNAST algorithm (Caporaso et al., 2010a). Sequences were assigned 
to the genus level at the 95% identity as a compromise between resolution and 
conservative interpretation due to the short reads (250 bp) used here (Connelly et al., 
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2014). Sequences were deposited in National Center for Biotechnology Information 
(NCBI) GenBank under BioProject accession number PRJNA297372. 
Bacterial community structures (% genus) of samples from each incubation time 
point were compared by non-metric multidimensional scaling (nMDS) using Matlab®. 
Analysis of similarity (ANOSIM) was applied to compare the bacterial community 
structures between surface and bottom seawater samples using vegan package in R 
(Oksanen et al., 2016).  
Calculating percentage enrichment of each bacterial taxa in the 13C-AVFA 
samples relative to the 12C-AVFA SIP samples followed the protocol of Bell et al. (2011). 
In brief, 16S rRNA gene copy numbers for each SIP fraction were quantified through 
qPCR. Then the proportion of each bacterial taxonomic group sequences in a given 
density range was multiplied by the 16S rRNA gene copy number in that same density 
range, and the derived relative copy number of each bacterial taxonomic group was 
corrected for the slight difference in total DNA between the 12C-AVFA and 13C-AVFA 
samples. Percentage enrichment of a certain bacterial taxonomic group was defined as 
dividing the difference of the relative copy number summed in the heavy density 
fractions between the 13C-AVFA samples and the 12C-AVFA samples by the relative 
copy number in the 12C-AVFA samples within the same density range, i.e., 
𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑒𝑛𝑟𝑖𝑐ℎ𝑚𝑒𝑛𝑡 𝑖𝑛 ℎ𝑒𝑎𝑣𝑦 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠 𝑓𝑜𝑟 𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎 𝑖
=
∑ 13𝐶 − 𝐴𝑉𝐹𝐴 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑝𝑦 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖 − ∑ 12𝐶 − 𝐴𝑉𝐹𝐴 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑝𝑦 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖
∑ 12𝐶 − 𝐴𝑉𝐹𝐴 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑝𝑦 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖
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RESULTS  
Peptide decomposition 
The 12C- and 13C-AVFA decomposition patterns were nearly identical during the 
48 h incubation, as expected (Fig. 5.1). The AVFA concentrations decreased linearly with 
time in both the surface 2 m and bottom 16 m seawater, but the decomposition rate in the 
bottom seawater (0.018-0.035 M h-1) was twice as high as in the surface seawater 
(0.011-0.017 M h-1). AVFA was completely degraded within 24-48 h in the surface 
water and within 13-24 h in the bottom water. In contrast, AVFA concentrations in the 
killed control remained nearly unchanged during the 48 h incubation (Fig. 5.1c), 
indicating that the peptide disappearance in the seawater was due to microbial activity.  
AV, FA, VF and VFA produced during hydrolysis of AVFA (Liu et al., 2013) 
varied at levels <0.012 M throughout the incubation, but more amino acids and peptide 
fragments were produced in the surface than in the bottom waters (Fig. 5.2). 
Concentrations of free amino acids (A, V, and F) were 2-30 times greater than those of 
peptide fragments. F was the dominant amino acid, reaching up to 0.17 M in the surface 
at 24 h and 0.082-0.11 M in the bottom at 8 h, and then decreased to the background 
level at the end of the incubation. V and A followed a similar pattern to F, but with 
smaller changes. Compared to the AVFA treatment, concentrations of amino acids in the 
control without peptide amendment remained relatively low (<0.011 M) and constant 
throughout the incubation.  
During the first 24 h in the surface seawater incubation, ammonium 
concentrations increased by 0.66-1.45 M in the 12C- and 13C-AVFA samples (Fig. 5.3). 
In contrast, ammonium concentrations in the bottom seawater changed little before 
AVFA was completely degraded (0-13 h). After 13 h, ammonium concentrations kept 
increasing to 2.6-2.9 M in the surface incubation and remained constant at about 2.8 M 
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or increased by 1.5 M to reach 4.1 M in the bottom incubation. In the control without 
AVFA, ammonium concentrations increased by 0.97 M in the surface seawater and 
decreased by 0.63 M in the bottom seawater during the 48 h. Pi concentrations remained 
relatively constant throughout the 48-h incubation in both the peptide and control 
treatments (Fig. 5.4). Pi concentrations in the bottom water (1.1-1.5 M) were more than 
one order of magnitude higher than those in the surface water (0.02-0.09 M).  
 
Bacterial abundance and community structure 
In the surface 12C- and 13C-AVFA incubations, bacterial abundance increased by 
31-57% within the initial 8-13 h, and then decreased afterwards, while in the bottom, 
bacterial abundance increased by 44-45% during the initial 24 h and then decreased 
afterwards (Fig. 5.5). Bacterial abundances in the control either decreased over time in 
the surface seawater or remained nearly constant in the bottom seawater (Fig. 5.5c).  
Ambient surface water bacterial communities were dominated by Synechococcus 
(15-49%), whereas bottom samples were more evenly populated by Rhodobacteraceae 
(11-13%), Acidimicrobiaceae OCS155 marine group (3-8%), Saprospiraceae (5-7%), 
Planctomycetaceae (2-7%), SAR11 clade Surface 1 (3-6%), and Acidimicrobiales 
TM214 (3-5%) (Figs. 5.6a, b). By 24 h, the relative abundance of Rhodobacteraceae, 
Thalassococcus, and Ruegeria increased by 8-18%, 7-13%, and 2-3%, respectively, in 
both surface and bottom seawater, while other bacterial genera developed differently in 
the surface and bottom seawater incubations. For instance, OTUs classified within the 
Roseovarius clade increased by 5% only in the surface incubation, whereas Colwellia 
increased by 2-3% only in the bottom incubation. The surface and bottom bacterial 
community structures were well separated in the nMDS plot (Fig. 5.6c); ANOSIM 
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showed significant difference between the surface and bottom bacterial community 
structures (p = 0.001), further suggesting that bacterial community structures developed 
differently between the two water layers.  
 
Identifying bacteria that incorporated peptides through DNA-SIP 
qPCR of SIP fractions indicates that the DNA fractions of the 13C-AVFA samples 
shifted to heavier densities as compared to the 12C-AVFA samples in both the surface and 
bottom incubations (Figs. 5.7a, b). 16S PCR products from respective fractions were bar-
coded and sequenced using Illumina Miseq to generate sequence libraries. A positive 
percentage enrichment is an indicator of the bacterial capability in incorporating 13C (Bell 
et al., 2011). Peptide uptake was more evenly distributed among the bacterial classes in 
the surface seawater than in the bottom seawater (Figs. 5.7c, 5.7d). Flavobacteria, 
Sphingobacteria, Alphaproteobacteria, Cyanobacteria, and Actinobacteria showed 
highest enrichment ranging from 147% to 305% in the surface water, whereas 
Alphaproteobacteria and Gammaproteobacteria highest ranging from 176% to 278% in 
the bottom water.  
Communities taking up 13C-AVFA in the surface and bottom seawater also 
differed at the level of dominant genera (> 0.1% of the total bacterial community) (Figs. 
5.8). In the surface seawater, sequences classified within genera belonging to the 
Saprospiraceae, Tropicibacter, Rhodobacteraceae, Thalassococcus, Roseovarius, 
Owenweeksia, Flavobacteria NS4 marine group, Acidimicrobiaceae, Microbacteriaceae 
SV1-8 and Synechococcus dominated the 13C uptake. In the bottom samples, major 13C 
enriched groups included the genera Ruegeria, Colwellia, Balneatrix, Thalassomonas, 
Pseudoalteromonas, and Neptuniibacter. Several taxa, including Thalassococcus and 
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Rhodobacteraceae, displayed similar patterns in surface and bottom incubations. The 
extent of taxonomic enrichment varied widely among different bacterial genera, ranging 
from 101% to 565% in the surface incubation and from 4% to 642% in the bottom 
incubation. Within the same class, the enrichment of Roseovarius and Thalassococcus 
was almost twice as high as that of other Alphaproteobacteria, and the enrichment of 
Colwellia was more than three times higher than that of other Gammaproteobacteria.  
 
DISCUSSION  
Factors to be considered for the DNA-SIP approach 
A successful DNA-SIP experiment depends on the amount of isotopically-labeled 
substrate being assimilated and the length of the incubation time (Radajewski et al., 2003; 
Neufeld et al., 2007a). The substrate concentration must be high enough to ensure 
sufficient isotopic labeling of nucleic acids relative to unlabeled background substrates 
that are relatively abundant. However, if the substrate concentrations are too high, the 
incubation may deviate from the in situ situation. In our incubations, we added relatively 
low concentrations (0.25-0.47 M) of AVFA to mimic in situ condition. qPCR results 
support the notion that sufficient isotope was incorporated into bacterial DNA. Several 
other pieces of evidence further suggested the successful uptake of peptide by bacteria, 
including increased bacterial abundance in peptide treatments compared to control (Fig. 
5.5), and a 2-30 fold increase of certain bacterial genera in the peptide treatment relative 
to the control (Fig. 5.6). Even though bacterial community structures in the control 
samples might have potentially been shaped by bottle effects and grazing pressure during 
incubation (Ferguson et al., 1984; Pomeroy et al., 1994), the difference between the 
peptide treatment and control samples is more likely attributable to the peptide utilization 
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by bacteria. Longer incubation time often results in greater isotope incorporation, but 
may also lead to cross-feeding, such as bacterial assimilation of labeled byproducts, 
intermediates or dead cells, produced from substrate metabolism (Neufeld et al., 2007a; 
Neufeld et al., 2007c; Wang et al., 2015). To reduce cross-feeding, relatively short 
incubation time (48 h) that was nonetheless sufficient to allow complete peptide 
degradation was applied in this study.  
A potential limitation of the DNA-SIP approach is that the buoyance density of 
DNA varies with G+C content and that this property may vary among different bacteria. 
This pattern may result in a loss of power to identify bacteria that have incorporated the 
labeled substrate based on density shift (Buckley et al., 2007). However, it is more 
problematic for 15N than for 13C substrates given the greater buoyant density differential 
for nucleic acids labeled with 13C. The density shift in our results was > 0.01 g mL-1, 
equating to ca. 28% of 13C incorporation, which is more than the minimum percentage 
(20%) that is typically required for separating 13C and unlabeled organisms (Uhlik et al., 
2009). Note that the overall buoyance density differed somewhat between the surface and 
bottom DNA fractions (Figs. 5.7a, b). It is unclear why this difference was observed, but 
may be related to the different bacterial community composition in the surface and 
bottom incubations, as %G+C contents of DNA vary among different bacterial taxa and 
higher %G+C leads to heavy density (Buckley et al., 2007; Holben, 2011). However, it is 
presumed that this density difference will not affect our ability to identify bacteria 
incorporating peptides, because the taxonomic percentage enrichment was derived 
relative to the corresponding 12C-AVFA incubations within the surface or bottom 
samples. 
DNA from three incubation time points (13, 24, 48 h) were pooled (see methods). 
This approach might have caused some ‘smearing’ of the signal by spreading the DNA of 
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active bacterial taxa across the density range to a greater degree than for a single time 
point. However, this smearing should not be problematic with respect to the objectives of 
this study, because major bacterial taxa in the bacterial community structure were similar 
at all time points (Fig. 5.6). While the exact degree of isotopic labeling may therefore not 
be attainable from our experiments, the high degree of enrichment observed for some 
bacteria (Figs. 5.7c, d, 6) supports the notion of active 13C incorporation. Hence, the 
focus of the subsequent discussion is primarily on the bacterial taxa with large percentage 
enrichment values, to minimize potential uncertainties that result from sample pooling 
and pooling likely did not significantly affect our conclusion. 
  
Faster AVFA decomposition in the hypoxic than in the normoxic seawater 
Peptide decomposition rate was twice faster in the bottom incubation as compared 
to the surface incubation (Fig. 5.1). AVFA decomposition produced more hydrolyzed 
fragments, including amino acids and peptides, in the surface than bottom incubations 
(Fig. 5.2), indicating extracellular hydrolysis in the surface water but direct uptake or 
tightly coupled hydrolysis-uptake in the bottom water. In contrast to previous studies, 
which used relatively high concentrations of amended peptides (5-10 M) (Liu et al., 
2013; Liu and Liu, 2016), the much lower concentrations of AVFA (0.25-0.47 M) 
added here accounted for 14-84% of ambient DCAA (Table 5.1). The low concentration 
amendments conducted here resulted in uptake patterns generally consistent with 
previous studies (Liu et al., 2013; Liu and Liu, 2016).  
The peptide decomposition mechanism can be interrogated through a mass 
balance of the fate of added nitrogen, which may include: (1) extracellular hydrolysis to 
produce peptide fragments and amino acids, (2) remineralization to ammonium, and (3) 
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incorporation into bacterial biomass. The percentage of extracellular hydrolysis can be 
estimated using the amino acid F and peptide fragments containing F, as bacterial uptake 
of F is limited within 24 h (Liu et al., 2013). The degree of remineralization can be 
estimated via changes in ammonium concentrations in peptide treatments compared to 
controls, assuming nitrification is negligible during the 24 h (Liu et al., 2013). To 
calculate the incorporation percentage to microbial biomass, we assume a carbon 
conversion value of 20 fg C per bacterial cell and a C/N ratio of 4 for bacteria (Lee and 
Fuhrman, 1987). Based on these parameters, extracellular hydrolysis (40-56%) 
dominated the decomposition of AVFA in the surface water, whereas biomass production 
(4-20%) dominated in the bottom water throughout the incubation, leaving a major 
fraction (29-81%) of the AVFA nitrogen uncounted for in both layers, possibly in other 
forms of DON (Table 5.2). For example, at 24 h, ca. 40% of decrease in AVFA in the 
surface seawater was hydrolyzed to peptide fragments and amino acids, ca. 6% was 
converted to ammonium, 2-11% to bacterial biomass (8.1×104-3.3×105 cells per mL), and 
about 50% to other DON. In contrast, in the bottom seawater, less than 5% was 
hydrolyzed to peptide fragments and amino acids, hardly any ammonium was produced, 
and 18-28% was incorporated into bacterial biomass (7.7×105-9.0×105 cells per mL) at 
13 h when AVFA disappeared, resulting in about 70-80% of AVFA nitrogen as DON. 
This contrasting pattern suggests that the fast disappearance of AVFA in the bottom 
water incubation may relate to the higher percentage of peptide incorporation into 
bacterial biomass, i.e., bacterial growth. The efficiency of AVFA decomposition may 
depend on the fraction of nitrogen allocated to those fast-growing bacteria. 
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Uptake of peptide in the normoxic vs. hypoxic seawater 
In the surface seawater incubation, the incorporation of 13C peptide was greatest 
for Flavobacteria, Sphingobacteria, Alphaproteobacteria, Cyanobacteria, and 
Actinobacteria (Fig. 5.7c). At the genus level, Saprospiraceae (Sphingobacteria), 
Tropicibacter, Roseovarius (Alphaproteobacteria), Owenweeksia, Formosa, 
Flavobacteria NS4 marine group (Flavobacteria), and Microbacteriaceae SV1-8 
(Actinobacteria) took up the most peptide in the surface seawater (Fig. 5.8a). 
Sphingobacteria showed a responsive role during peptone incubation in the seawater 
(Simon et al., 2012). As members of Roseobacter clade, Tropicibacter and Roseovarius 
were hypothesized to be opportunistic in nutrient exploitation and are often associated 
with plankton aggregates (Moran et al., 2007; Teeling et al., 2012; Yau et al., 2013). 
Therefore, the observation that requisite populations can utilize the amended peptide is 
expected. Flavobacteria are often effective in degrading high-molecular-weight DOM 
including proteins (Cottrell and Kirchman, 2000). Some Actinobacteria can produce a 
wide range of bioactive metabolites including extracellular peptidases that are sometimes 
involved in pathogenic processes (Ventura et al., 2007; Chen et al., 2012), suggesting 
their potential in peptide utilization. Consistent with our results, diverse bacterial taxa, 
such as Flavobacteria, Verrucomicrobia, Gammaproteobacteria, Alphaproteobacteria, 
Actinobacteria, and Planctomycetes, used added dissolved proteins in coastal California 
waters (Orsi et al., 2016). The widespread of bacterial classes incorporating peptides in 
this study agrees with ecological theory and previous studies indicating that heterogeneity 
of the coastal oceans favor generalist bacteria in DOC utilization (Mou et al., 2008). 
Alternatively, this diverse bacterial pattern may result from the significant production of 
individual amino acids from extracellular hydrolysis (Fig. 5.2a, c). Since uptake of amino 
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acids is generally constitutive among marine bacterial taxa (Payne and Gilvarg, 1971; 
Poretsky et al., 2010), bacterial groups possessing the ability to take up amino acids A, V, 
and F should be widespread, thus increasing the range of bacteria taxa showing positive 
percentage enrichment in the surface seawater.  
In contrast to the surface seawater incubation, bacteria incorporating the peptide 
in bottom waters were associated with fewer taxonomic groups, primarily belonging to 
the Alphaproteobacteria and Gammaproteobacteria (Fig. 5.7d). The bacteria that 
metabolized the peptide differed between the surface normoxic and bottom hypoxic 
seawater, which corresponds well with the overall different bacterial community 
structures between the two water layers (Fig. 5.6). The dominant percentage enrichment 
of Alphaproteobacteria and Gammaproteobacteria in the bottom seawater suggested 
their high capability of incorporating AVFA thus leading to faster decomposition of the 
peptide in the bottom seawater. This result is consistent with previous studies in DOM 
utilization, which quantified this process either directly through tracing radioisotope 
incorporation by bacteria or indirectly via analyzing changes of bacterial community 
structure (Gihring et al., 2009; McCarren et al., 2010; Carney et al., 2015). For example, 
the percentage of Gammaproteobacteria consuming proteins among all bacterial 
phylogenetic groups was higher than their abundance percentage in estuarine and coastal 
environments, indicating their high capability of metabolizing proteins (Cottrell and 
Kirchman, 2000). Alphaproteobacteria or Gammaproteobacteria can dominate the 
bacterial community during DOM incubation in certain marine environments, indicating 
they can outcompete other bacteria in using DOM substrates (Harvey et al., 2006).  
At the genus level, the highest percentage enrichment in the bottom seawater 
occurred to the Thalassococcus, Rhodobacteraceae, Ruegeria (Alphaproteobacteria), 
Colwellia, Balneatrix, Thalassomonas, Pseudoalteromonas, and Neptuniibacter 
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(Gammaproteobacteria) (Fig. 5.8b). Thalassococcus were capable of utilizing phthalate 
(Iwaki et al., 2012), but its ability to metabolize peptides, as suggested here, has not yet 
been explored. Previous studies have shown that Rhodobacterales are often one of the 
dominant groups in coastal seawaters, accounting for as high as 75% of the 
Alphaproteobacteria (Dong et al., 2014). Their abundance is thought to relate to DOC 
concentrations in nutrient-enriched habitats and they are frequently involved in taking up 
labile organic molecules, such as peptides and amino acids, as detected by 
metaproteomics (Dong et al., 2014; Fodelianakis et al., 2014). Our previous study also 
showed that populations of Ruegeria, Thalassomonas, Pseusoalteromonas and 
Neptuniibacter grow rapidly when AVFA was amended to the same Sta. C6 bottom water 
(Liu et al., 2013). These genera may be mostly r-selected bacteria that use labile organic 
matter in nutrient-enriched environments, contrasting them to those K-selected bacteria 
that maintain efficient metabolism and grow slowly using complex refractory substrates 
(Fierer et al., 2007; Wang et al., 2015). These r-selected bacteria, such as Ruegeria, 
Vibrio, Alteromonas and Colwellia, grow rapidly when substrates become available while 
maintain growth potential under starvation using one ecological strategy called “feast or 
famine”, thus they can adapt to changing environments quickly (Eilers et al., 2000; 
Christie-Oleza et al., 2012). Their high capability to assimilate peptide is thus consistent 
with their ecology strategy. The growth of Pseudoalteromonadaceae and Colwellia 
increased when peptone was incubated in the Southern Ocean seawater (Simon et al., 
2012). Consistently, opportunistic bacteria, such as Vibrio, Roseobacter, 
Pseudoalteromonas, Photobacterium, Marinomonas, Marinobacter, and Alteromonas, 
dominated the incorporation of DOC sources from Synechococcus exudate or lysate in 
seawater culture incubations (Nelson and Carlson, 2012). Particle-attached Colwellia and 
Pseudoalteromonas also showed high incorporation of proteins in marine microcosms 
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(Mayali et al., 2015). DOC-related transporter genes, such as amino acids, oligopeptides, 
carbohydrates, carboxylic acids, polyamines, and lipids transporters, in coastal seawater 
were associated with Rhodobacterales (primarily Roseobacter), Rickettsiales (primarily 
SAR11), Flavobacteriales, and five orders of Gammaproteobacteria, including 
Alteromonadales, Oceanospirallales, Pseudomonadales, Vibrionales, and an 
uncharacterized taxon related to sulfur-oxidizing symbionts (Poretsky et al., 2010). Most 
of these bacteria also assimilated the peptide used in our study.  
It should be pointed out that bacterial taxa with higher percentage enrichment are 
not necessarily the most abundant within communities. For instance, Escherichia-
Shigella, Balneatrix, and Thalassomonas accounted for <2% of communities while their 
enrichment was 100%-200%. Microbacteriaceae remained below 5% and did not greatly 
increase with peptide incubation time, while their SIP-based percentage enrichment was 
estimated at >500% in the surface seawater. Similar observations are reported elsewhere 
(Zemb et al., 2012), and indicate that some bacteria can be highly enriched in 13C, but 
they may represent only a small proportion of the overall community. These rare bacteria 
may have long generation time, which varied from about 12 h to 24 h or more (Brock, 
1971, Eilers et al., 2000). During our short 48 h incubation, certain bacteria might be at 
their lag phase of growth, which changed little in the community structure. For example, 
if these rare bacteria only doubled once during 48 h, their increase from ca. <1% to ca. 
<2% would not contribute much the overall community structure. Alternatively, these 
rare bacteria might have utilized the assimilated peptides mostly for respiration instead of 
for biomass building, leading to the mismatch between abundance and SIP incorporation. 
These data showed the potential role of some rare and unculturable bacteria in peptide 
utilization, which is often overlooked based on bacterial community structure analysis. 
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Factors leading to the development of different bacterial communities 
It is intriguing that bacterial communities that metabolized the added peptide 
differed in surface and bottom incubations. The two layers also differed in chemical and 
biological parameters (Table 5.1, Figs. 5.5, 5.6), such as DO, DOC, and initial bacterial 
community structure, which probably contributed to the development of different 
bacterial communities, but the role of these factors seems to be limited (Liu et al., 2013; 
Liu and Liu, 2016). Other than these parameters, high levels of Pi (>0.4 µM) in the 
bottom seawater may stimulate the growth of fast-growing bacteria with high RNA 
content (Liu and Liu, 2016), such as Alphaproteobacteria and Gammaproteobacteria, 
consistent with the Growth Rate Hypothesis (Elser et al., 2000; Makino et al., 2003). The 
fast-growing bacteria may lead to faster peptide decomposition observed in the bottom 
than in the surface seawater. Assuming 0.2 pg dry mass bacterial cells and a P content of 
1.3% (Sterner and Elser, 2002), the bacterial abundance increase observed here would 
have required 0.01-0.08 M Pi. These small values are close to the standard deviation (ca. 
0.02 M) of Pi measurement, which may explain why no obvious decrease of Pi was 
observed during our incubations (Fig. 5.4). On the other hand, these results further 
suggest that it is the level of Pi, rather than its absence, that is the key factor limiting the 
development of fast-growing bacteria. The unique development of certain 
Alphaproteobacteria and Gammaproteobacteria genera may also explain much lower 
production of AVFA fragments during the bottom water incubation (Figs. 5.2b, d). Either 
these bacteria directly took up the peptide (Appendix II), or the hydrolysis and 
subsequent uptake of the fragments were coupled tightly (Fuhrman, 1987; Kuznetsova 
and Lee, 2002; Liu et al., 2013). These two processes cannot be differentiated with these 
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data, but regardless, both pathways differ from that of the surface incubation, where 
hydrolysis and the uptake seem uncoupled.  
 
CONCLUSION 
A variety of bacterial groups responsible to peptide decomposition was identified 
in surface and bottom waters in the hypoxic region of northern Gulf of Mexico using 
DNA-SIP approach. Bacterial groups metabolizing peptide appear to differ between the 
surface normoxic and bottom hypoxic seawater. Certain Alphaproteobacteria 
(Thalassococcus, Rhodobacteraceae, Ruegeria) and Gammaproteobacteria (Colwellia, 
Balneatrix, Thalassomonas, Pseudoalteromonas, Neptuniibacter) in the bottom seawater 
had high capability of utilizing peptide. Although this work only studied bacterial groups 
incorporating peptides in one station at one sampling time, the pattern is in consistent 
with our previous work from different years at this station and other stations (Liu et al., 
2013; Liu and Liu, 2016), which consolidates the conclusion of this study. This study 
expands our understanding of linkage between peptide decomposition and bacterial 
communities, especially with low concentrations of peptide amendment, and further 
implies that certain bacteria taxa capable of rapid peptide decomposition can develop 
rapidly under high Pi concentrations in the hypoxic seawater. With more similar SIP 
work at other coastal and oligotrophic regions, a comprehensive picture of labile organic 
matter decomposition linked with microbial communities may be achieved in the future. 
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Table 5.1. Chemical parameters of initial surface (2 m) and bottom (16 m) seawater at Sta. C6.  
Depth Temp ( ̊C) 
Salinity 
(ppt) 
DO 
(mg·L-1) 
Chl a 
(g·L-1) 
DOC 
(M) 
TDN 
(M) 
DCAA 
M) 
DFAA 
(M)  
NO3- 
(M) 
NO2- 
(M) 
Pi 
(M) 
2 m 25.5 27 7.9 1.51 233.3 14.3 1.79 0.18 0.54 ud 0.11 
16 m 22.3 35 0.4 0.63 200.0 10.7 0.56 0.07 6.85 0.54 0.89 
       ud: under detection limit (ca. 0.03 µM).
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Table 5.2. An example of mass balance (including percentages of decreased peptide due 
to hydrolysis, remineralization to ammonium, incorporation into bacterial 
biomass and other unaccounted transformation to DON) throughout the12C-
AVFA decomposition in the surface (2 m) and bottom (16 m) seawaters.   
Depth Time Hydrolysis% 
Remineralization
% 
Incorporation% 
Other DON% 
2 m 
8 h 56 0 11 33 
13 h 53 2 16 29 
24 h 40 6 2 52 
16 m 
8 h 24 0 4 72 
13 h 0.2 0 18 80.8 
24 h 0 37 20 43 
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Figure 5.1. AVFA concentrations with incubation time in the surface 2 m and bottom 16 
m seawater of (a) 12C-AVFA, (b) 13C-AVFA, and (c) killed control samples. 
Data points were presented as average ± absolute error of duplicate samples 
except control samples. 
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Figure 5.2. Concentrations of produced amino acids and peptide fragments with 
incubation time in the (a) surface 2 m seawater of 12C-AVFA incubation, (b) 
bottom 16 m seawater of 12C-AVFA incubation, (c) surface 2 m seawater of 
13C-AVFA incubation, (d) bottom 16 m seawater of 13C-AVFA incubation 
samples, and amino acid concentrations with time in the (e) surface 2 m 
seawater of no-AVFA control and (f) bottom 16 m seawater of no-AVFA 
control samples. Data points were presented as average ± absolute error of 
duplicate samples except control samples. 
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Figure 5.2 (continued) 
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Figure 5.3. Ammonium concentrations with incubation time in the surface 2 m and 
bottom 16 m seawater of (a) 12C-AVFA, (b) 13C-AVFA and (c) no-AVFA 
control samples. Data points were presented as average ± absolute error of 
duplicate samples except control samples. 
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Figure 5.4. Pi concentrations with incubation time in the surface 2 m and bottom 16 m 
seawater of (a) 12C-AVFA, (b) 13C-AVFA and (c) no-AVFA control 
samples. Data points were presented as average ± absolute error of duplicate 
samples except control samples. 
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Figure 5.5. Bacterial abundance with incubation time in the surface 2 m and bottom 16 m 
seawater of (a) 12C-AVFA, (b) 13C-AVFA, and (c) no-AVFA control 
samples. Data points were presented as average ± absolute error of duplicate 
samples except control samples. 
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Figure 5.6. Changes of bacterial community structure (% genus) with time during 12C-
AVFA, 13C-AVFA and no-AVFA control (CTR) incubation in the (a) 
surface 2 m and (b) bottom 16 m seawater; percentages were average of 
duplicate samples except control, 2 m 0 h and 16 m 0 h samples; (c) non-
metric multidimensional scaling (nMDS) on the bacterial compositions at 
genera level in all the above samples; S12, surface 2 m 12C-AVFA samples; 
S13, surface 2 m 13C-AVFA samples; SC, surface 2 m no-AVFA control 
samples; B12, bottom 16 m 12C-AVFA samples; B13, bottom 16 m 13C-
AVFA samples; BC, bottom 16 m no-AVFA control samples. 
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Figure 5.6 (continued) 
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Figure 5.7. (a-b) qPCR analysis results shown as relative quantities versus density of SIP 
gradient fractions for bacterial 16S rRNA gene copies in the surface 2 m and 
bottom 16 m samples. The ratio of quantities was normalized to the highest 
quantities observed. Data points were presented as average ± standard 
deviation of three replicate qPCR measurements. Grey bars indicate heavy 
density ranges used for percentage enrichment calculations in (c) and (d). (c-
d) Uptake of peptides shown as percentage enrichment of major bacterial 
classes in the heavy density range in the 13C-AVFA SIP fractions compared 
to the 12C-AVFA SIP fractions. Bacterial class chosen were at least 0.1% 
abundance of the community. Flavo, Flavobacteria; Sphingo, 
Sphingobacteria; Alpha, Alphaproteobacteria; Acidi, Acidimicrobiia; 
Verruco, Verrucomicrobiae; Cyano, Cyanobacteria subsectionI; Actino, 
Actinobacteria; Beta, Betaproteobacteria; Plancto, Planctomycetacia; 
Gamma, Gammaproteobacteria. 
Density (g mL
-1
)
1.66 1.68 1.70 1.72 1.74
R
at
io
 o
f 
q
u
an
ti
ti
es
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
12
C AVFA
13C AVFA
(a) 2 m
Density (g mL
-1
)
1.62 1.64 1.66 1.68 1.70 1.72
R
at
io
 o
f 
q
u
an
ti
ti
es
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
(b) 16 m
Fl
av
o
Sp
hi
ng
o
Al
ph
a
Ac
id
i
Ve
rr
uc
o
Cy
an
o
Ac
tin
o
Be
ta
Ba
ci
lli
Pl
an
ct
o
Cl
os
tri
di
a
G
am
m
a
P
er
ce
n
ta
g
e 
en
ri
c h
m
en
t 
(%
)
0
50
100
150
200
250
300
350
(c) 2 m
Al
ph
a
Be
ta
G
am
m
a
P
e
rc
e
n
ta
g
e
 e
n
ri
c
h
m
e
n
t 
(%
)
0
50
100
150
200
250
300
350
(d) 16 m
 
  
 155 
Figure 5.8. Uptake of peptides shown as percentage enrichment of major bacterial genera 
within each class (listed above the bars) in the heavy density range of the 
13C AVFA sample SIP fractions compared to the 12C AVFA sample SIP 
fractions in the (a) surface 2 m and (b) bottom 16 m seawater. Bacterial 
genera chosen were at least 0.1% abundance of the community. Bacterial 
class abbreviation was same as that in Figure 5.7. 
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Chapter 6. Differentiating the role of different-sized microorganisms in 
peptide decomposition during incubations using size-fractioned coastal 
seawater 
(Published in Journal of Experimental Marine Biology and Ecology 472 (2015): 
97-106) 
ABSTRACT 
Peptide decomposition by different-sized microorganisms was compared by 
incubating tetrapeptide alanine-valine-phenylalanine-alanine (AVFA), a fragment of 
RuBisCO, in coastal seawater after size-fraction by filtration. The size-fractioned 
seawater included <0.8-m filtered (free-living bacteria), <5-m filtered (free-living 
bacteria + heterotrophic nanoflagellates), <20-m filtered (free-living and particle-
attached bacteria + heterotrophic nanoflagellates + other small protists), and unfiltered 
whole water collected from Texas coast in the western Gulf of Mexico. Decomposition 
rates of AVFA in the <20-m and unfiltered seawater were significantly higher than 
those in the <0.8-m and <5-m seawater in the December 2011 incubation. The higher 
decomposition rate in the large size fractions can be attributed to activities of particle-
attached bacteria and/or large-size microorganisms, such as osmotrophic protists. 
However, the role of particle-attached bacteria in explaining this decomposition 
difference might be limited, as bacterial abundance and community structure did not 
differ much among the 4 treatments. Consistently, the June 2013 incubation indicated that 
AVFA decomposed most rapidly in the unfiltered seawater with >20-μm 
microorganisms. This study provides insights into the relative role of different-sized 
microorganisms in regulating the recycling of labile organic matter in coastal waters.  
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INTRODUCTION 
Proteins and peptides, accounting for 25-70% of plankton biomass (Emerson and 
Hedges, 2008), serve as an important link in the microbial loop in marine environments. 
The decayed plankton matter is metabolized by different-sized microorganisms in 
seawater. In the small non-particulate fractions (<3-5 μm) (Hoppe, 1991; Bidle and 
Fletcher, 1995; Šimek et al., 1999), proteins and peptides are primarily decomposed by 
free-living heterotrophic bacteria (Sussman and Gilvarg, 1971; Hoppe, 1983; Pantoja et 
al., 1997). In the large particulate fractions (>3-5 μm), particle-attached bacteria can be 
one major decomposer of proteins and peptides (Hoppe, 1991). Free-living bacteria 
predominate total bacterial abundance and often account for a major fraction (40-70%) of 
dissolved organic matter hydrolysis or decomposition in seawater (Hoppe, 1991; Unanue 
et al., 1992), but particle-attached bacteria are often more active than free-living bacteria 
per cell basis and can contribute to a significant proportion of organic matter hydrolysis 
or decomposition in certain environments (Kirchman and Mitchell, 1982; Griffith et al., 
1994).   
Recent studies showed that a significant fraction of labile organic matter, such as 
peptides, is processed by protists in the >3-5 μm seawater (Karner et al., 1994; Berg et 
al., 2002; Bradley et al., 2010). As single-cell eukaryotes, protists include autotrophic 
phytoplankton, heterotrophic flagellates, microzooplanktonic ciliates and mixotrophic 
microbes (Kirchman, 2008). Their sizes range from 2 to 20 μm for nanoflagellates such 
as Gymnodinium, to 200-2000 μm for dinoflagellates such as Noctiluca. Besides grazing 
on bacteria or other protists of similar size (Šimek et al., 1999; Park and Cho, 2002; 
Pernthaler, 2005), some heterotrophic and mixotrophic protists can take up organic 
compounds directly by an “osmotrophic” nutrient strategy, particularly under 
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environmental conditions of limited light, depleted nutrients or high concentrations of 
organic matter (Stoecker, 1999; Glibert and Legrand, 2006; Salerno and Stoecker, 2009). 
Osmotrophic protists have several pathways of utilizing organic matter, including direct 
uptake, extracellular oxidation and hydrolysis, or pinocytosis that involves engulfing and 
transporting molecules into the cells via vesicle formation (Antia et al., 1991). These 
osmotrophic protists may contribute to peptide decomposition in the large-size fraction of 
seawater.  
Several studies have shown that some protists can hydrolyze peptides 
extracellularly (Karner et al., 1994; Mulholland et al., 2002; Salerno and Stoecker, 2009). 
For instance, mixotrophic dinoflagellate Prorocentrum minimum, benthic protist 
thraustochytrids, axenic cultures of algae Aureococcus anophagefferens, Alexandrium 
tamarense, and Heterocapsa triquetra can release aminopeptidases to hydrolyze peptides, 
sometimes at a higher hydrolysis rate than bacteria (Berg et al., 2002; Stoecker and 
Gustafson, 2003; Bongiorni et al., 2005). However, most studies have focused on single 
protist species, and only a few studies have investigated peptide decomposition by natural 
protist assemblages in seawater (Karner et al., 1994; Salerno and Stoecker, 2009; Thao et 
al., 2014). The relative roles of different-sized microorganisms in decomposing small 
peptides, ranging from free-living bacteria to particle-attached bacteria and protists, have 
not been thoroughly examined. Large microorganisms, such as protists, may be important 
in organic nitrogen remineralization and nutrient regeneration, but this possibility has 
only been investigated in a few studies and often overlooked in the traditional microbial 
loop model (Azam et al., 1983).  
Previous studies on peptide hydrolysis have mostly relied on peptide analogs, 
such as L-leucine 7-amido-4-methyl coumarin (leu-MCA), as a proxy to measure 
aminopeptidase activity due to the simplicity of this technique (Hoppe, 1983; Chróst, 
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1991). These peptide analogs offer advantage of providing unambiguous rates of 
extracellular enzyme activities in different environments. However, the large fluorophore 
on the chemical structures of these small analogs may affect hydrolysis rate due to the 
potential steric effect (Pantoja and Lee, 1999; Mulholland et al., 2003; Obayashi and 
Suzuki, 2008; Liu et al., 2010). Using leu-MCA may also underestimate the hydrolysis 
rate because this analog only measures aminopeptidases, excluding carboxypeptidases 
and endopeptidases (Hashimoto et al., 1985; Pantoja et al., 1997; Steen and Arnosti, 
2013). In addition, peptide analogs with large fluorophores cannot be taken up directly by 
microbes, so the measured rates do not include uptake, which may be significant in 
certain scenarios (Liu et al., 2013). In contrast, studies with small peptides without 
fluorogenic tags can provide information on their hydrolysis and microbial 
decomposition rates in a more realistic way, and the hydrolyzed fragments of small 
peptides can also be used to pinpoint the hydrolysis pathway (Kirchman and Hodson, 
1984; Mulholland and Lee, 2009; Liu et al., 2010; Liu et al., 2013; Liu and Liu, 2014; 
Liu and Liu, 2015). The decomposition pathways of small peptides include both 
extracellular hydrolysis with subsequent uptake for further metabolism and direct uptake 
for intracellular hydrolysis (Weiss et al., 1991; Payne and Smith, 1994; Cunha, 2010). 
Thus, the use of small peptides without fluorogenic tags targets on a complete 
decomposition process including peptide hydrolysis, uptake and transformations by 
microorganisms. 
In this study, peptide decomposition patterns and rates were compared among 
different-sized microorganisms ranging from free-living bacteria, heterotrophic 
nanoflagellates (HNF) to particle-attached bacteria and other large protists in coastal 
seawater. Tetrapeptide alanine-valine-phenylalanine-alanine (AVFA), a fragment of 
Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), was incubated using size-
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fractioned coastal seawater. The results suggest the importance of microorganisms in 
large-sized fractions, such as particle-attached bacteria and/or protists, in metabolizing 
labile organic nitrogen in coastal seawaters. 
 
MATERIALS AND METHODS 
December 2011 peptide incubation 
Surface seawater for peptide incubation was collected using 2 L acid-cleaned 
polyethylene bottles at the Port Aransas ship channel (27.84ºN, 97.05ºW) in Texas coast 
of the western Gulf of Mexico in December 2011. Seawater were size-fractioned with 
gentle filtration (<5 mm Hg) according to the protocol of Šimek et al. (1999), including 
seawater through  (1) a 0.8-μm nylon filter (47 mm dia., Magna), containing free-living 
bacteria only, (2) a 5-μm nylon filter (47 mm dia., IsoporeTM), containing mainly free-
living bacteria and HNF, (3) a 20-μm nylon filter (47 mm dia., Magna), containing free-
living and particle-attached bacteria, HNF, and other small protists, and (4) the whole 
unfiltered seawater, containing the full spectrum of microbial assemblages. A series of 
duplicate 60 mL amber bottles (Wheaton) with 50 mL of seawater was set up for each 
treatment. Stock solution of AVFA, synthesized by a solid phase synthesizer (C S Bio) 
(Liu et al., 2010), was amended to every bottle to reach a final concentration of 10 
μmole·L-1, ca. 3 times higher than the background concentration of dissolved combined 
amino acids (DCAA) that presumably include peptides and proteins (Table 6.1). This 
concentration is necessary for detection of the peptide and its hydrolysis fragments (Liu 
et al., 2013).  
The incubation lasted 65 h at room temperature (23 ºC) under dark. One bottle of 
each treatment was sacrificed at each time point (0, 22, 30, 46, 54, and 65 h) for sample 
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collection. Duplicate water samples (each 1.5 mL) from the bottle were filtered through 
0.22 μm syringe filters (PVDF, 13mm dia., Whatman) and stored under -20 ºC until 
analyses for peptide, amino acids and ammonium. An aliquot (1 mL) from each bottle 
was preserved in 3% formaldehyde under 4 ºC for bacterial enumeration. An aliquot (15 
mL) was filtered through 0.22 μm Nylon filter (25mm dia., Magna) and the filters were 
stored under -20 ºC for bacterial community structure analysis. The rest of water in 
bottles was preserved with formaldehyde to achieve a final concentration of 5% and then 
stored at 4 ºC under dark for protist counting within a week. 
 
June 2013 peptide incubation 
The incubation of AVFA in June 2013 followed the same procedure as described 
above, except that the protocol of protist preservation was modified to extend the 
preservation time. Briefly, 5 μL alkaline Lugol’s solution was added to fix 10 mL of 
water sample, and then 0.25 mL sodium borate-buffered formaldehyde was immediately 
amended, followed by addition of 10 μL 3% sodium thiosulfate to bleach out the iodine 
color (Sherr and Sherr, 1993). The fixed samples were stored at 4 ºC under dark until 
analysis. Controls without peptide amendments were also included, with 4 separate 125 
mL amber bottles filled with 100 mL size-fractioned seawater. Aliquots from controls 
were taken at 0, 11, 29, and 49 h, respectively.  
 
Chemical measurements 
Chemical properties of the initial seawater for incubation were monitored (Table 
6.1). Temperature and salinity were measured with thermometer and refractometer, 
respectively. The pH was measured with a bench-top pH meter (Thermo Fisher Orion 4-
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star). Dissolved oxygen (DO) was analyzed by an oxygen microsensor (Unisense) with a 
two-point calibration, 100% point with air-purged seawater and 0% with N2-purged 
seawater. Seawater was filtered through a 0.22 μm nylon filter for measuring 
concentrations of nutrients, dissolved organic carbon (DOC), total dissolved nitrogen 
(TDN), dissolved free amino acids (DFAA) and total dissolved amino acids (TDAA). 
Nitrate, nitrite, and soluble reactive phosphate concentrations were analyzed in a UV-Vis 
spectrophotometer (Evolution 160, Thermo Scientific) following established procedures 
(Strickland and Parsons, 1968; Jones, 1984). Concentrations of DOC and TDN were 
analyzed in a Shimadzu total organic carbon (TOC-V) analyzer coupled to a TNM-1 
TDN analyzer with error within 6% between duplicates. Concentrations of DFAA were 
measured by high performance liquid chromatography (HPLC) equipped with a 
fluorescence detector (Shimadzu Prominence) after pre-column o-phthaldialdehyde 
(OPA) derivatization (Lindroth and Mopper, 1979; Lee et al., 2000). Concentrations of 
TDAA were measured in a same way as DFAA after samples were hydrolyzed into 
individual amino acids with 6 mol·L-1 HCl under nitrogen at 110 ºC for 20 h (Kuznetsova 
and Lee, 2002). Concentrations of DCAA were calculated as the difference between 
TDAA and DFAA. Measurements of DFAA and DCAA in replicate samples had relative 
standard deviations (RSDs) of 10–20%.  
Concentrations of AVFA in incubation samples were measured using HPLC 
(Shimadzu Prominence) with photodiode array (PDA) detection (Liu et al., 2010). 
Briefly, the HPLC system was equipped with a C18 column (Alltima 5 μ, 250 mm × 4.6 
mm) and two mobile phase solvents for gradient elution, solvent A as 0.05 mol·L-1 
sodium phosphate (monobasic, ACS grade, VWR) with pH of 4.5 and solvent B as 
methanol (HPLC grade, Fisher Scientific). Peptide concentrations were quantified in 
gradient elution using external standards at the wavelength of 206 nm. Concentrations of 
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individual amino acids (A, V and F) and peptide fragments (VFA and FA) from AVFA 
hydrolysis were measured by HPLC with a fluorescence detector after pre-column OPA 
derivatization (Lindroth and Mopper, 1979; Liu et al., 2013). Ammonium was analyzed 
using HPLC with post-column OPA derivatization (Gardner and St. John, 1991). 
 
Bacterial abundance 
Bacterial cells were enumerated with a flow cytometer (BD Accuri C6) under 
laser excitation of blue light at 488 nm (Marie et al., 1997). For a 500 μL sample, a 5 μL 
SYBR Green II (Molecular probes) working solution (1:100 v/v) was added and kept in 
dark for at least 15 min before analysis. Dyed samples were analyzed with a fixed intake 
volume of 30 μL at the same flow rate below 300 events per second in a logarithmic 
mode. Validation beads (Polysciences) were used as calibration reference daily. Bacteria 
cell counts were detected on a two-dimensional dot plot of side scatter (SSC-H) versus 
fluorescence signal (FL1-H) on a log scale. Data analysis was performed with CFlow 
Plus software associated with the instrument. Counting error of bacterial abundance was 
ca. 11% for duplicate samples.  
Flow cytometry may underestimate the total bacterial abundance if some particle-
attached bacteria are buried within the particles and not counted. To assess this 
possibility, seawater collected from ship channel in April 2014 was size-fractioned using 
the procedure described above and counted in the flow cytometer. Bacterial abundance in 
each size fraction was compared with vs. without sonication. For the sonication samples, 
formaldehyde fixed bacteria samples were sonicated at the power level of 100 W (FS60, 
Fisher Scientific) for 30 s to disperse bacteria from particles before the SYBR Green 
staining (Velji and Albright, 1993).  
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Bacterial community structure 
The 2011 filter samples were sent to the Research and Testing lab (Lubbock, TX) 
for DNA extraction and pyrosequencing, following the procedures described in Liu et al. 
(2013). Community structure analyses were based on bacterial tag-encoded FLX 
amplicon pyrosequencing (bTEFAP). The 16S universal Eubacterial primers Gray28F 
5’TTTGATCNTGGCTCAG and Gray519r 5’GTNTTACNGCGGCKGCTG were used 
for PCR with 30 cycles (Dowd et al., 2008; Smith et al., 2010). Using a Roche 454 FLX 
instrument with titanium reagents, the pyrosequencing was based on RTL protocols 
(www.researchandtesting.com). The sequencing data were processed through the pipeline 
consisting of quality checking, denoising, and microbial diversity analysis. Sequences 
with identity scores between 90% and 95% were resolved at the genus level and between 
80 and 85% at the class level. Bacteria sequences were deposited in National Center for 
Biotechnology Information (NCBI) GenBank under BioProject accession number 
PRJNA223070. 
 
Protist counting 
The 2011 protist samples were analyzed within one week after formaldehyde 
preservation and the 2013 samples within three weeks after Lugol’s fixation. The 
preserved sample (1 mL) was stained with fluorescein isothiocyanate (FITC, 90% pure, 
Acros organics) and incubated in dark for 5-10 min to distinguish autotrophs (and 
mixotrophs) and heterotrophs (Sherr et al., 1993). The FITC stained heterotrophic protist 
cells showed green fluorescence, while autotrophic and mixotrophic protists showed red 
to yellowish autofluorescence. Stained samples were filtered through 0.22 μm black 
 165 
polycarbonate filters (25 mm dia.) with GF/C as backing filters (1.2 μm, Whatman). 
Filtration was performed under a gentle vacuum of 5 mm Hg to maintain the shape of 
protists, and the filter was rinsed twice with 10 mL cold 0.5 mol·L-1 sodium carbonate 
buffer (pH 9.5). The black filter was mounted on a microscope glass slide with a drop of 
FA mounting fluid (pH 9, VMRD Inc.), and examined with an epifluorescence 
microscope under blue light excitation and 400 times magnification. Protists were 
counted mostly on one of the duplicate samples due to the large number of samples, long 
sample counting time, and short effective time of protist preservation. Counting from a 
few duplicate samples indicated a deviation of ca. 29%.  
 
Statistical analysis 
Decomposition rates of AVFA were calculated from linear regressions of the 
decomposition curves for each treatment (multiple regressions were done for different 
stages of 2013 data as shown later). Ammonium release rates were calculated from linear 
regression of the curves of ammonium concentration with time. Difference of AVFA 
decomposition rates or ammonium releasing rates among treatments was evaluated using 
two-sample t-test (α = 0.05), and variance difference assessment was based upon F test (α 
= 0.05). Principal component analysis (PCA) and cluster analysis based on Bray-Curtis 
dissimilarity was applied on bacterial composition (% genera) data using MATLAB® 
(Xue et al., 2011).  
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RESULTS 
Peptide decomposition during the incubation 
In the December 2011 incubation, AVFA concentrations (normalized to initial 
concentrations of 10.29 ± 0.05 μmol·L-1) in the <0.8 μm and <5 μm seawater decreased 
steadily at rates of 0.13 and 0.14 μmol·L-1·h-1, respectively (Fig. 6.1a). In contrast, 
concentrations of AVFA in the <20 μm and unfiltered seawater decreased to almost zero 
at a faster rate of 0.19-0.20 μmol·L-1·h-1 within the 65 h. The decomposition rates in the 
<20 μm and unfiltered seawater were significantly higher than those in the <0.8 μm and 
<5 μm seawater (t-test, p < 0.05, assuming equal variance after F test). This difference 
was more evident after 22 h.  
Decomposition of AVFA showed a two-stage pattern in the June 2013 incubation 
(Fig. 6.1b). Time intervals of the first stage differed among the four incubations, 0-34 h 
for the <0.8 μm, 0-22 h for the <5 μm and <20 μm, and 0-11 h for the unfiltered 
treatment. During the first stage, AVFA decreased slowly in the four treatments at a rate 
of 0.071 μmol·L-1·h-1. In contrast, AVFA decomposed much faster at 0.39-0.75 μmol·L-
1·h-1 during the second stage from 11-34 h to the end of incubation. The decomposition 
rate during the 11-28 h was significantly higher in the unfiltered seawater than those in 
the other three treatments (t-test, p < 0.05, assuming equal variance after F test). 
Decomposition rates of AVFA were similar in the <20 μm seawater and <5 μm seawater, 
and the rate was the lowest in the <0.8 μm seawater.  
 
Production of peptide fragments and amino acids in the peptide incubation 
As extracellular hydrolysis fragments of AVFA (Liu et al., 2013), peptides FA 
and VFA were monitored throughout the incubation. Concentrations of FA remained low 
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in all four treatments throughout the incubation (<0.03 μmol·L-1 in 2011 and <0.06 
μmol·L-1 in 2013, Figs. 6.2 and 6.3). In contrast, VFA concentrations in the 2011 
incubation reached 0.15-0.19 μmol·L-1 in the <0.8 μm and <5 μm incubation, 3-5 times 
higher than those in the <20 μm or unfiltered seawater incubation (0.04-0.05 μmol·L-1) 
(Fig. 6.2). In the 2013 incubations, VFA reached 0.25-0.45 μmol·L-1, and the highest 
VFA concentration (0.45 μmol·L-1) occurred in the <0.8 μm incubation.  
Either AVFA or the hydrolyzed peptide fragments can be further hydrolyzed to 
individual amino acids. Background concentrations of A, V and F in the 2011 seawater 
were 0.023, 0.0047 and 0.0021 μmol·L-1, respectively. Concentrations of V and F 
throughout the <5 μm, <20 μm and unfiltered incubations (<0.05 μmol·L-1) were about 
one order of magnitude higher than the background values (Figs. 6.2b, c, and d). 
Concentrations of A remained within the background level in these three treatments 
during the incubation, except that its concentration reached 0.2-0.3 μmol·L-1 at the initial 
time point. Overall, more amino acids were released in the <0.8 μm incubations than in 
other incubations (Fig. 6.2a). Consistently, the amounts of amino acids released were the 
highest in the <0.8 μm seawater during the 2013 incubation, with A as high as 1.08 
μmol·L-1 and F as high as 0.18 μmol·L-1 (Fig. 6.3a). In the <5 μm, <20 μm and unfiltered 
incubations, the A concentration was below 0.46 μmol·L-1, but almost 4 times higher than 
V and F concentrations (Figs. 6.3b, c, and d). 
 
 Production of ammonium during the peptide incubation 
Ammonium is a major metabolite of microorganisms after AVFA and its 
fragments are taken up (Liu et al., 2013). The change of ammonium concentration with 
time showed a two-stage pattern during the 2011 incubation (Fig. 6.4a). From 0 to 22 h, 
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ammonium concentrations increased slightly from 1.1-2.7 μmol·L-1 to 2.1-4.7 μmol·L-1, 
whereas from 22 to 65 h, the concentrations increased rapidly to 7.7-16.8 μmol·L-1 in the 
<0.8 μm and <5 μm incubations, and 21.8-22.8 μmol·L-1 in the <20 μm and unfiltered 
incubations. The ammonium release rates during the second stage (22-65 h) were 
significantly higher in the <20 μm and unfiltered seawater than those in the other two 
treatments (t-test, p < 0.05, assuming unequal variance after F test), corresponding well 
with the respective AVFA decomposition patterns (Fig. 6.1a). In comparison, the 
ammonium release showed a three-stage pattern in the 2013 incubation (Fig. 6.4b). 
During the initial 11 h, ammonium concentrations remained at the background level of 
1.8 μmol·L-1 in all treatments. From 11 to 28 h, the release rate of ammonium was 
highest in the unfiltered seawater (0.53 μmol·L-1·h-1) among the four treatments, 
concomitant with the rapid AVFA decomposition (Fig. 6.1b). This release rate was about 
2.5 times higher than those in the <0.8 μm, <5 μm and <20 μm incubations from 11 to 28 
h. After 34 h, ammonium concentrations were similar in the <5 μm, <20 μm and 
unfiltered incubations, and increased at a lower rate of ca. 0.25 μmol·L-1·h-1. Ammonium 
concentrations were consistently lower in the <0.8 μm seawater than in other treatments 
throughout the incubation. Controls without peptide amended showed that ammonium 
concentrations decreased slightly with time and remained below 2.1 μmol·L-1 throughout 
the incubation (Fig. 6.4b), suggesting that the ammonium in peptide incubations was 
produced by AVFA decomposition, not from the background organic matter. 
 
Bacterial abundance in the peptide incubation 
Total bacterial abundances before and after sonication differed by less than 2.1% 
for each size fraction (data not shown), indicating that bacterial abundance, measured by 
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flow cytometry, included both free-living and particle-attached bacteria, or that the 
fraction of particle-attached bacteria is negligible in the ship channel water. Initial 
bacterial abundances in the 2011 incubation were similar among all treatments (RSD = 
23%), ca. 2.6 × 106 cells·mL-1, except the <0.8 μm treatment. Bacterial abundance 
increased 2-4 times with incubation with the peak at 46-54 h, and then decreased slightly 
(Fig. 6.5a). Bacterial abundance in the <20 μm incubation increased the most from 0 to 
46 h, followed by the <5 μm incubation. In contrast, bacterial abundance increased at a 
lower rate in the unfiltered seawater.  
The low initial bacterial abundance in the <0.8 μm incubation was caused by the 
exclusion of large bacteria (>0.8 μm) or those attached to particles by the 0.8 μm 
filtration (Rego et al., 1985; Schut et al., 1997). About 53% of bacteria were retained on 
the 0.8 μm filter relative to other large size-fractioned seawater. The overall change of 
bacterial abundance with incubation time in the <0.8 μm treatment was similar to other 
treatments, except that the growth rate was the highest during 0 to 46 h (Fig. 6.5a). The 
bacterial abundance in the <0.8 μm incubation reached the level of other treatments at 30 
h. This fast-growing pattern was likely due to the elimination of protists, the bacterial 
grazers (Beardsley et al., 2003).  
Consistent with the 2011 incubation, initial bacterial abundances were similar 
among the <5 μm, <20 μm and unfiltered treatments in the 2013 incubation, with an 
average of 8.1 × 105 cells·mL-1; 83% of bacteria were filtered out in the <0.8 μm 
treatment (Fig. 6.5b). Bacterial abundance in all treatments increased 4-12 times from 0 h 
to 34-44 h, and decreased afterward for the <5 μm and unfiltered incubations but 
remained relatively constant for the <0.8 μm and <20 μm incubations. During 0-34 h, 
bacterial abundance in the <20 μm seawater increased the most (8 times), and those in the 
<5 μm and unfiltered seawater increased 4 times. In the control without peptide 
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amendment, bacterial abundance increased slightly and remained under 2.2 × 106 
cells·mL-1 over 49 h in all four treatments (Fig. 6.5c), suggesting that the rapid increase 
of bacterial abundance in the size-fractioned treatments was caused by the AVFA 
decomposition. 
 
Bacterial community structure in the Dec 2011 incubation 
Initial bacterial communities in the 2011 incubation were analyzed only for <0.8 
μm and <20 μm treatments, assuming that they were the same among the <5 μm, <20 μm 
and unfiltered seawater treatments. This assumption is reasonable because the initial 
bacterial abundances were similar among the three treatments. Alphaproteobacteria 
(52.6%), Cyanobacteria (18.6%), Gammaproteobacteria (11.5%), Flavobacteria (6.1%), 
and Sphingobacteria (4.5%) were the major bacterial classes in the <20 μm treatment at 
the initial time point (Fig. 6.6c). In contrast, the <0.8 μm seawater was dominated by 
Sphingobacteria, Cyanobacteria and Opitutae with similar proportions (33%), suggesting 
that a major fraction of large bacteria including Alphaproteobacteria, 
Gammaproteobacteria and Flavobacteria was filtered out (Fig. 6.6a).  
Bacteria community structure in the <0.8 μm treatment developed differently at 
the beginning, but converged with other treatments over time. In the <0.8 μm incubation, 
Gammaproteobacteria developed rapidly from 0% at 0 h to 80.6% at 65 h; the proportion 
of Alphaproteobacteria increased from 0% to 53.7% during 0-30 h but decreased to 11% 
during 30-65h. In contrast, Gammaproteobacteria developed more rapidly, increasing 
from 11.5% at 0 h to 82.1%, 79.0% and 88.7% at 46 h in the <5 μm, <20 μm and 
unfiltered incubations, respectively. Alphaproteobacteria decreased from 52.6% at 0 h to 
10.2%-19.2% at 46 h in these three incubations. From 46 h to 65 h, the proportion of 
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Alphaproteobacteria increased to 38.3% and 27.7% in the <20 μm and unfiltered 
incubations, respectively, but remained relatively constant in the <5 μm seawater. Other 
bacterial classes together accounted for minor proportions (<4.2%) in the <5 μm, <20 μm 
and unfiltered treatments during 30-46 h.  
The rapidly-developed bacterial genera (out of total 226 genera) included 7 
Gammaprotoebacterial genera (Marinomonas, Alteromonas, Neptunomonas, Vibrio, 
Marinobacterium, Chromohalobacter, Neptuniibacter), 3 Alphaproteobacterial genera 
(Nautella, Phaeobacter, Ruegeria), and 1 Actinobacterial genus (Ponticoccus). These 
bacteria accounted for 54% to 92% of the bacteria community in all samples except those 
at 0 h. Bacterial community compositions of all samples were further compared using 
PCA (Fig. 6.7). The converged group (the circle in Fig. 6.7) included the <0.8 μm sample 
at 65 h, <5 μm samples from 30 to 65 h, <20 μm samples from 30 to 46 h, and unfiltered 
samples from 30 to 65 h; these samples were enriched with Alteromonas (40.1 - 61.8%), 
Marinomonas (8.1 - 14.1%) and Vibrio (5.1 - 21.7%). The <0.8 μm samples at 30 h and 
46 h were not in the group because again the initial filtration modified the bacterial 
community structure, but the structure did converge with other samples by 65 h. 
 
Protist abundance in the peptide incubation 
The initial seawater contained heterotrophic protists in different sizes and 
abundances. From the microscopic observation, the <0.8 μm seawater did not contain 
protists, and large heterotrophic protists, such as protoperidinium and ciliates, were 
present only in the <20 μm and/or the unfiltered seawater. In the 2011 incubation, the 
initial protist abundances in <5 μm, <20 μm and unfiltered seawater were 413, 592 and 
825 cells·mL-1, respectively (Fig. 6.8a). Their abundances in these three treatments 
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decreased by 5-6 times by 30- 46 h of incubations, followed by an increase at the end of 
incubation. The abundances of heterotrophic protist in the <20 μm and unfiltered 
seawater were 1.1-2 times as high as those in the <5 μm seawater throughout the 
incubation.  
The initial protist abundance in the 2013 unfiltered seawater (732 cells·mL-1) was 
2-4 times higher than those in the <5 μm and <20 μm seawater (Fig. 6.8b). The 
abundances in all the 2013 treatments decreased from 0 to 11 h. After the initial decrease, 
the abundance doubled in the unfiltered seawater at 48 h, and tripled in the <5 μm and 
<20 μm treatments at the end of incubation. Protist abundance in the unfiltered seawater 
was 2-4 times higher than the other two treatments at 0 and 11 h, but no consistent pattern 
was observed among the three treatments afterwards.   
 
DISCUSSION 
Factors contributing to the peptide disappearance 
Possible fates of the amended peptide include biological decomposition and 
physical sorption to glass wall and/or particles. Previous studies showed that peptide 
sorption on glass or particles are negligible (Liu and Lee, 2006; Liu et al., 2010). 
Although killed controls were not included in this study, previous results showed that 
AVFA concentrations changed little when HgCl2 was added to the incubation to inhibit 
microbial activity (Liu et al., 2010; Liu and Liu, 2014). Thus, peptide disappearance 
during the incubation was attributed mainly to biological processes. Significant 
production of ammonium during the AVFA incubations, but not the controls, further 
confirms that the amended AVFA was metabolized by microbes (Fig. 6.4).  
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Filtration is a simple approach to separate the organisms into different size 
fractions and quantify the ecological role of microbial communities in each size fraction 
(Somville and Billen, 1983; Karner et al., 1994; Šimek et al., 1999; Stoecker and 
Gustafson, 2003). Filtration may introduce certain artifacts in enzymatic studies, such as 
enzyme liberation due to cell lysis and/or enzyme adsorption on filters. However, these 
artificial processes play only a minor role in the assessment of extracellular enzyme 
activity (Karner and Rassoulzadegan, 1995; Salerno and Stoecker, 2009). Additionally, 
no significant differences in peptide decomposition were found between <0.8 μm and <5 
μm or between <20 μm and unfiltered seawater in the 2011 incubation despite the 
different filtration strength, indicating that enzyme activity was not significantly affected 
by filtration.  
Particle-attached extracellular enzymes (referring to enzymes outside bacteria in 
contrast to particle-attached bacteria discussed later) did not seem to be significant for the 
AVFA hydrolysis in this study. A reported lifetime of several weeks for particle-attached 
enzymes (Karner et al., 1994) would be sufficient to decompose peptides in the 65-69 h 
incubation. However, if these enzymes had led to the peptide decomposition differences 
observed among the 4 treatments, higher amounts of hydrolyzed amino acids or peptide 
fragments should have occurred in the <20 μm and unfiltered seawater in the 2011 
incubation and in the unfiltered seawater in the 2013 incubation. However, both peptide 
fragments and amino acids remained at low levels throughout the <20 μm and unfiltered 
incubations in 2011, and in the unfiltered incubation in 2013 (Figs. 6.2c, d and 6.3d), 
indicating a limited role of the particle-attached extracellular enzymes in peptide 
decomposition. More ammonium release from these large-size fractions further suggests 
that AVFA was metabolized mainly by microbes rather than just being extracellularly 
hydrolyzed. It is concluded that different-sized microorganisms including bacteria (both 
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free-living and particle-attached) and protists were the key players in decomposing 
AVFA. 
 
Mass balance and peptide decomposition pathways 
Mass balance calculations can help quantify fates of the decomposed peptide. 
Decomposition of AVFA was complete within 3 d in both 2011 and 2013 incubations. Of 
the amino acids released from AVFA extracellular hydrolysis, V is more resistant to 
bacterial uptake than A and F (Liu et al., 2013), so V was assumed to represent the amino 
acids released from AVFA, conservatively because amino acid uptake was not 
considered. The released ammonium was assumed to be the metabolite from AVFA that 
contains four nitrogen atoms per molecule, because the ammonium levels did not 
increase in the control without peptide amendment (Fig. 5.4b). And minimal nitrification 
was expected within this short time scale, as indicated from the previous study (Liu et al., 
2013). Based on these assumptions, less than 1% of the AVFA in the <20 μm and 
unfiltered treatments in the 2011 incubation was hydrolyzed into V and VFA, 49% was 
remineralized to ammonium, and the rest 50% may have been incorporated into bacteria 
and/or protists biomass or transformed to other DON form at 65 h. In contrast, 2-4% of 
AVFA in the <0.8 μm and <5 μm treatments was hydrolyzed to amino acids and VFA, 
32% to ammonium and 64-66% to the biomass or other DON (Figs. 6.2 and 6.4a). 
Similarly, only a small amount of peptide (4-5%) in the 2013 incubation was hydrolyzed 
to amino acids and peptide fragments (Fig. 6.3), 38-54% decomposed to ammonium (Fig. 
6.4b) and the rest (41-58%) being combined into biomass or transformed to other DON. 
This high efficiency of assimilation is consistent with a previous study in the Mississippi 
River plume (Liu et al., 2013). It was also intriguing to observe high concentrations of A 
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and VFA at the initial time point right after AVFA was amended, such as in the <0.8 μm 
and <5 μm treatments (Figs. 6.2 and 6.3). Preliminary results suggested that this initial 
rapid hydrolysis was caused by certain active extracellular enzymes that can immediately 
hydrolyze the amended peptide (Appendix I).  
Peptide decomposition pathway can be derived from above mass balance 
calculation. Small peptides can be either hydrolyzed extracellularly with subsequent 
amino acid uptake or taken up as intact peptides by microorganisms directly. The minor 
release of amino acids and peptide fragments (1-5%) in all treatments indicates that a 
major fraction of AVFA was directly taken up by microorganisms. Alternatively, 
extracellular hydrolysis of AVFA and subsequent uptake of hydrolyzed products were 
coupled tightly. Direct uptake of peptide was through peptide transporters across the cell 
membranes, which are ubiquitous in both prokaryotes and eukaryotes including protists 
(Daniel et al., 2006; Saier, 2000). For example, different peptide transporter systems have 
been well-studied in bacteria such as Escherichia coli and Salmonella typhimutium ( 
Payne and Gilvarg, 1971; Payne, 1980). Several genes involved in oligopeptide transport 
have also been discovered in protist Micromonas (McDonald et al., 2010). These peptide 
transporters may play an important role in determining the peptide decomposition 
pathway. Alternatively, protists may engulf the intact peptide through pinocytosis without 
production of amino acids or peptide fragments. For example, Prorocentrum micans and 
Alexandrium catenella can accumulate organic molecules in small vesicles within their 
cells (Klut et al., 1987, Legrand and Carlsson, 1998). 
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The role of different-sized microorganisms in peptide decomposition 
Potential decomposers of peptides include free-living bacteria in the small-size 
(<5 μm) fractions, particle-attached bacteria, and protists in the large-size fractions (>5 
μm). Bacteria are key decomposers of labile organic matter in marine environments 
(Azam et al., 1983, Kirchman, 2008). The proportion of Gammaproteobacteria, 
dominated by Alteromonas, increased to >70% during the AVFA incubation (Fig. 6.7). 
This pattern indicates that AVFA may have been metabolized mainly by Alteromonas, 
which is known to be important in organic matter utilization, such as phytodetritus 
degradation and nucleic acid uptake (Gihring et al., 2009, Mayali et al., 2012). Although 
bacterial community structure in the control samples without peptide amendment was not 
analyzed, similar peptide incubation experiments with controls showed that this dramatic 
bacterial community shift was caused by peptide amendment (Liu et al., 2013). 
Consistent with these results, significant shifts of bacterial community structure were 
observed after amendment of different labile organic substrates in aquatic environments 
(Eilers et al., 2000; Harvey et al., 2006; Murray et al., 2007; Teske et al., 2011; Liu et al., 
2013).  
Particle-attached bacteria in the large-size fractions may have contributed to faster 
peptide decomposition. Several studies have shown the importance of particle-attached 
bacteria in organic matter decomposition (Kirchman and Mitchell, 1982; Hoppe, 1991). 
However, similar bacteria abundances with or without sonication, together with the 
similar initial bacterial abundances among the <5 μm, <20 μm and unfiltered treatments 
in the 2011 incubation or among the <5 μm and unfiltered treatments in the 2013 
incubations (Fig. 6.5), indicate that particle-attached bacteria only accounted for a small 
fraction of the total bacteria in the seawater. Free-living bacteria are predominant in total 
bacterial numbers with >90% in most oligotrophic and mesotrophic marine environments 
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(Unanue et al., 1992; Bidle and Fletcher, 1995). Consistently, based on the nutrient 
concentrations (Table 6.1), the seawater used in this study can be classified as 
oligotrophic to mesotrophic condition (Vollenweider et al., 1992). In addition, bacterial 
abundance in the large-size fraction was similar or even smaller than that in some small-
size fractions during the entire incubation time (Fig. 6.5). This observation, together with 
the overall similar bacterial community structures among the four treatments (Fig. 5.6), 
suggests that the role of the particle-attached bacteria was limited in metabolizing the 
amended peptide. 
Larger microorganisms such as the osmotrophic protists in the large-size fractions 
may help explain the differences in peptide decomposition rates among treatments. 
Higher abundances of heterotrophic protist, together with higher peptide decomposition 
rates, in the unfiltered seawater in both the 2011 and 2013 incubations indicate that the 
presence of protists can possibly enhance peptide decomposition. Peptide decomposition 
rates were similar between <20 μm and unfiltered seawater treatments in the December 
2011 incubation, so the protists involved in the peptide decomposition were within the 5-
20 μm size range. In June 2013, higher AVFA decomposition rate was only observed in 
the unfiltered seawater, indicating that the larger-sized protists (>20 μm) were involved 
in the peptide decomposition. Higher temperature in summer 2013 than winter 2011 
(Table 6.1) may have caused faster growth and larger cell volume of protists (Auer and 
Arndt, 2001; Dupuy et al., 2007). Alternatively, specific types of protists that can utilize 
peptides may differ between winter and summer. In addition to heterotrophic protists, 
certain mixotrophic protists may have released hydrolytic enzymes or been involved in 
peptide uptake (Stoecker and Gustafson, 2003; Glibert and Legrand, 2006; Salerno and 
Stoecker, 2009). However, it is difficult to differentiate autotroph and mixotroph due to 
the limitation of the counting method (Fig. 6.9). It should be noted that the initial 
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decrease of protist abundance (Fig. 6.8) may be caused by bottle containment, grazing by 
large zooplankton or pathogenic bacterial infection on protists such as through releasing 
toxin (Görtz and Maier, 1991; Brüssow, 2007; Weber et al., 2012), but the abundance of 
heterotrophic protists nearly doubled from 46 to 65 h in 2011 and from 11 h to 48 h in 
2013, as expected from their generation time of several days (Kisand and Zingel, 2000). 
Although the change of total protist abundance did not correlate exactly with peptide 
decomposition, perhaps only a small fraction of total protists was responsible for peptide 
decomposition. Further studies are needed to investigate specific types of protists 
utilizing peptides, such as using 18S rRNA sequencing analysis (Lin et al., 2012).  
The osmotrophic nutrition strategy by protists may be favored in organic-enriched 
environments but with depleted inorganic nutrients (Carlsson and Graneli, 1998). For 
example, peptide hydrolysis in the 1.2-5-μm fraction that contains protists was at a 
comparable rate to that in the bacteria fraction in Quantuck Bay, where inorganic N was 
limited and organic N was abundant (Mulholland et al., 2002). The aminopeptidase 
activity decreased in Prorocentrum minimum cultures after addition of ammonium 
(Salerno and Stoecker, 2009). In this study, seawater was collected from the coastal area 
with relatively high concentration of organic matter but possibly depleted in nutrients 
(Table 6.1). The N:P ratio was less than the Redfield ratio 16 in both incubations, 
indicating possible nitrogen limitation. In comparison, the decomposition rates of AVFA 
did not differ among size-fractioned surface seawater in a similar peptide incubation 
experiment at a coastal station (C6) in the northern Gulf of Mexico with N:P above 16 
(data not shown) in the surface water (Figs. 6.10 and 6.11). The N limitation in the ship 
channel seawater may have triggered the osmotrophic protists to decompose peptides that 
contain both carbon and nitrogen sources for nutrition at the early stage of the incubation. 
However, this nutrient limitation analysis based upon comparisons with Redfield ratio 
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has large uncertainty since this ratio varies with different species compositions and 
environmental conditions (Sterner et al., 2008), so more studies are needed to further 
explore the exact environmental mechanisms triggering the osmotrophic nutrition 
strategy of protists. 
 
CONCLUSIONS 
This study suggests that peptide decomposition by a combination of all different-
sized organisms is more efficient than bacteria alone. In addition to free-living bacteria, 
microorganisms in the large-size fractions (5-20 μm or >20 μm), such as particle-attached 
bacteria and/or some osmotrophic protists, may be important in decomposing labile 
organic compounds directly and thus enhancing DOM degradation and nutrient cycles in 
the coastal environment. This bottom-up osmotrophic nutrition strategy of protists needs 
to be considered in biogeochemical C and N cycles, emphasizing the link between 
organic matter and protists in the classical microbial loop. However, more coastal 
systems and other types of DOM substrates need to be examined to further understand the 
link between DOM and different-sized microorganisms. Future studies are also needed to 
differentiate the role of particle-attached bacteria and protists in labile organic matter 
decomposition, and particularly the need to evaluate protists to metabolize peptides. This 
study suggests that among all bacteria utilizing peptides Alteromonas may play the 
dominant role in taking up small peptides in coastal waters. Taken together, using the 
small peptide without the fluorogenic tag as the substrate, this study extends from peptide 
hydrolysis to the whole decomposition process and provides insights into the relative role 
of different-sized microorganisms in regulating the recycling of labile organic matter in 
coastal waters.  
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Table 6.1. Chemical parameters of the ship channel surface seawater collected in Port Aransas, Texas on Dec 6th, 2011 and 
June 18th, 2013. 
Time 
Temp 
(ºC) a 
Salinity 
(ppt) 
pH 
DO 
(mg·L-1) 
NO3- 
(μmol·L-1) 
NO2- 
(μmol·L-1) 
PO43- 
(μmol·L-1) 
DOC 
(μmol·L-1) 
TDN 
(μmol·L-1) 
DCAA 
(μmol·L-1) 
DFAA 
(μmol·L-1) 
2011 21.5 37 8.19 7.03 0.80 udb 0.28 nmc nm 2.67 0.35 
2013 26.0 35 7.95 nm 3.64 0.39 0.91 150 18 0.93 0.06 
a Temp, temperature; DO, dissolved oxygen; DOC, dissolved organic carbon; TDN, total dissolved nitrogen; DCAA, dissolved combined amino acids; DFAA, dissolved   
  free amino acids. 
b Under detection limit (NO2-  < 0.03 μmol·L-1). 
c Not measured. 
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Figure 6.1. Tetrapeptide AVFA decomposition curves in (a) Dec 2011 and (b) June 2013 
during 65-69 h incubation under dark with initial amended concentration of 
ca. 10 μM in four treatments including seawater filtered through 0.8 μm, 5 
μm, 20 μm nylon filters, and unfiltered seawater. Data points are presented 
as average ± absolute error of duplicate samples. 
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Figure 6.2. Concentration changes of amino acids (A, V, F) and hydrolyzed small 
peptides (VFA, FA) during 2011 AVFA incubation in seawater filtered 
through (a) 0.8 μm nylon filter, (b) 5 μm nylon filter and (c) 20 μm nylon 
filter, and (d) in unfiltered seawater. Data points are presented as average ± 
absolute error of duplicate samples. 
<0.8 m
Time (h)
0 20 40 60 80
C
o
n
ce
n
tr
at
io
n
s 
(
m
o
l 
L
-1
)
0.0
0.1
0.2
0.3
0.4
A
V
F
FA 
VFA  
(a) <5 m
Time (h)
0 20 40 60 80
0.0
0.1
0.2
0.3
0.4
(b)
 
<20 m
Time (h)
0 20 40 60 80
C
o
n
ce
n
tr
at
io
n
s 
(
m
o
l  
L
- 1
)
0.0
0.1
0.2
0.3
0.4
(c) unfiltered
Time (h)
0 20 40 60 80
0.0
0.1
0.2
0.3
0.4
(d)
 
  
 183 
Figure 6.3. Concentration changes of amino acids (A, V, F) and hydrolyzed small 
peptides (VFA, FA) during 2013 AVFA incubation in seawater filtered 
through (a) 0.8 μm nylon filter, (b) 5 μm nylon filter and (c) 20 μm nylon 
filter, and (d) in unfiltered seawater. Data points are presented as average ± 
absolute error of duplicate samples. 
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Figure 6.4. Ammonium concentration changes during (a) 2011 AVFA, (b) 2013 AVFA 
and control without AVFA incubation in four seawater treatments including 
seawater filtered through 0.8 μm, 5 μm, and 20 μm nylon filters, 
respectively, and unfiltered seawater. Data points for AVFA incubations are 
presented as average ± absolute error of duplicate samples. 
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Figure 6.5. Changes of bacteria abundance during (a) 2011 AVFA, (b) 2013 AVFA and 
(c) 2013 control without AVFA incubation in four seawater treatments 
including seawater filtered through 0.8 μm, 5 μm, and 20 μm nylon filter 
and unfiltered seawater. Data points for AVFA incubations are presented as 
average ± absolute error of duplicate samples. 
2011 
Time (h)
0 20 40 60 80
B
ac
te
ri
a 
(c
el
ls
 x
1
0
6
 m
L
-1
)
0
2
4
6
8
<0.8 m
<5 m
<20 m
unfiltered
(a) 2013 
Time (h)
0 20 40 60 80
0
2
4
6
8 (b)
 
  
2013 control
Time (h)
0 20 40 60 80
B
ac
te
ri
a 
(c
el
ls
 x
1
0
6
 m
L
-1
)
0
2
4
6
8
(c)
 
 186 
Figure 6.6. Changes of bacterial community structure (% class) during 2011 AVFA 
incubation at 0, 30, 46, and 65h in four seawater treatments including 
seawater filtered through (a) 0.8 μm nylon filter, (b) 5 μm nylon filter, (c) 20 
μm nylon filter, and (d) unfiltered seawater. Gamma, 
Gammaproteobacteria; Alpha, Alphaproteobacteria; Flavo, Flavobacteria; 
Actino, Actinobacteria; Sphingo, Sphingobacteria; Verruco, 
Verrucomicrobiae; Cyano, Cyanobacteria. Others represent bacteria classes 
less than 1% in all treatments during incubation. 
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Figure 6.7. Principlal component analysis (PCA) on the compositions of major rapid-
growth bacteria at genera level during 2011 AVFA incubation at 0, 30, 46, 
and 65 h in four seawater treatments including <0.8 μm, <5 μm, <20 μm and 
unfiltered (UNF) seawater. Bacterial genera names were in cross and sample 
names were in dot. PC1 explained 79% variance of the data matrix and PC2 
12%. The incubation samples with similar bacterial composition were 
clustered together in the circle based on Bray-Curtis dissimilarity analysis. 
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Figure 6.8. Changes of heterotrophic protists number with time during (a) 2011 AVFA 
incubation at 0, 22, 30, 46, and 65 h and (b) 2013 AVFA incubation at 0, 11, 
22, 28, 34, 44, 48, 69 h in three seawater treatments including seawater 
filtered through 5 μm, 20 μm nylon filters, respectively, and unfiltered 
seawater. 
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Figure 6.9. Changes of autotrophic and mixotrophic protists number with time during (a) 
2011 AVFA incubation at 0, 30, 46, and 65 h and (b) 2013 AVFA 
incubation at 0, 11, 22, 28, 34, 44, 48, 69 h in three seawater treatments 
including seawater filtered through 5 μm, 20 μm nylon filter and unfiltered 
seawater. 
Time (h)
0 20 40 60
A
u
to
tr
o
p
h
ic
 a
n
d
 m
i x
o
t r
o
p
h
ic
 
p
ro
t i
st
s  
(m
L
-1
)
0
100
200
300
<5 m 
<20 m
unfiltered
(a) 2011
  
Time (h)
0 20 40 60
A
u
to
tr
o
p
h
ic
 a
n
d
 m
ix
o
tr
o
p
h
i c
 
p
ro
ti
s t
s 
(m
L
-1
)
0
200
400
600
800
1000
1200
1400
1600
1800
(b)2013
 
  
 190 
Figure 6.10. AVFA decomposition curve at C6 station of the northern Gulf of Mexico 
during 75 h incubation under dark with initial amended concentration of ca. 
5 μM in four surface (1 m) seawater treatments including seawater filtered 
through 0.8 μm, 5 μm, 20 μm nylon filter and unfiltered seawater. Data 
points were presented as average ± standard deviation of replicate samples 
(n=4). 
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Figure 6.11. Changes of (a) heterotrophic and (b) autotrophic and mixotrophic protists 
number with time during AVFA incubation at C6 station of the northern 
Gulf of Mexico at 0, 6, 20, 31, 44, 51, 62, 74 h in three surface seawater 
treatments including seawater filtered through 5 μm, 20 μm nylon filter and 
unfiltered seawater. 
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Chapter 7. Conclusions and implications 
In this dissertation peptide hydrolysis and decomposition are examined in terms 
of their overall rates, pathways in different marine environments, and interactions with 
different microorganisms. This work ranges from bulk analysis of peptide degradation 
rates to detailed mechanisms, including enzyme functions and microbial linkages.  
From the chemistry perspective, we showed that peptide hydrolysis pathways are 
affected by the fluorogenic tags in commonly used peptide analogs (Chapter 3). This 
indicates that previous peptide studies using peptide analogs should be interpreted with 
caution, and also highlights the need to expand our understanding of peptide 
decomposition using natural peptides. For natural peptides measurements, there is a need 
to develop more sensitive analytical methods for detecting ambient low-concentration 
plain peptides. When using these various modeled peptide substrates, we need to 
understand what we are actually measuring, which is important in interpreting the data 
and to make sure we do not extrapolate too far from the data. For example, we need to 
consider questions, such as What fraction of extracellular enzymes did we capture using 
peptide analogs? Can we say that we include the whole spectrum of peptidases using 
small plain peptides? Is there bias of certain peptide substrate on enzyme selection? How 
well can the results from one small peptide tell us about the hydrolysis pattern of other 
small peptides or big proteins in natural seawater? With these questions in mind, we then 
can get appropriate conclusions and know how to approach further in the future research.  
We demonstrated that peptide hydrolysis and/or decomposition rates differed 
among environments such as along salinity gradients or across varying water depths 
(Chapter 3 and Chapter 5). These results provide information on spatial variation of 
enzymatic activities and are helpful to map geographic patterns of labile organic matter 
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decomposition that is one essential component in carbon and nitrogen cycles (Arnosti, 
2010). The variation of hydrolysis and/or decomposition rates in different environments 
also suggests that certain environmental factors may control the enzyme activities and 
contribute to the pattern. Our results showed that high phosphate concentration might 
facilitate the rapid peptide decomposition in deep waters (Liu and Liu, 2016). More data 
across larger spatial gradients are needed to confirm the important role of phosphate in 
peptide decomposition at larger scale, assess more potential factors controlling the rate 
difference, and tease out the co-varying environmental parameters to identify the exact 
mechanisms determining spatial variation of peptide hydrolysis and/or decomposition.  
Through mass balance calculation, we estimated the percentage of peptide 
decomposition attributed to hydrolysis, remineralization, incorporation into microbial 
biomass, and conversion to other DON (Chapter 5 and Chapter 6). This derived fate of 
peptide decomposition can help to elucidate the carbon and nitrogen flux in a quantitative 
way and be used to construct models in assessing this flux. For example, the large 
percentage converted to other DON during labile peptide decomposition indicates the 
important role of microbial activity in generating semi-labile or refractory DOM and 
offers insights into the natural DOM formation process in seawater. Previous studies 
mostly focus on fate of general DOM pool, such as phytoplankton exudate substrate or 
primary production (Larsson and Hagstrom, 1979; Azam et al., 1983). However, the 
complex DOM pool consists of different groups of compounds such as labile, semi-labile, 
and refractory DOM, fate of different components may vary greatly and contribute to C 
and N cycles at different time scale (Carlson, 2002). Assessing the fate of individual 
substrate such as peptides is necessary to understand detailed decomposition steps and 
provide a basis on building accurate global C and N cycle models.   
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In addition, our results demonstrated that the amino acid composition of a peptide 
affects its susceptibility to peptidases (Chapter 4). The results provide insight into the 
resistance of amino acids in the labile organic matter, such as proteins. Hydrolysis 
process may affect amino acid compositions and DON preservation in seawater. In 
particular, acidic amino acids resistance to aminopeptidases may have implications in the 
refractory DOM formation, as labile organic matter can be converted to refractory 
organic matter by bacteria (Hedges et al. 2000; Ogawa et al. 2001; Eglinton 2004). High 
molecular weight DOM in natural seawater is composed of mainly refractory 
acylpolysaccharides (ASP) and protein homologues because of the abundant carboxyl, 
akyl and amide functional groups from the NMR spectra of DOM (Aluwihare and 
Repeta, 1999; Zang et al., 2001; Hertkorn et al., 2006; Meador et al., 2007). The amide 
bond present in refractory organic matter implies that peptides may be the precursor for 
refractory organic matter formation, although it is still unknown whether the amide bond 
of refractory organic matter is from the original amide bond of proteins and peptides 
and/or newly formed after peptide bonds are totally metabolized (Hedges et al., 2000; 
Eglinton, 2004; Liu et al., 2009). A major refractory component of marine DOM is 
characterized as carboxyl-rich alicyclic molecules (CRAM). Whether the carboxyl group 
in acidic amino acids result to their resistance to enzymes and whether this is related to 
the formation of CRAM with low bioavailability require more investigation.  
While amino acid composition selects different peptide hydrolysis pathways, it 
did not seem to affect overall peptide hydrolysis rates (Chapter 4). This result indicates 
that when one kind of peptidases fails to cleave a peptide, other kinds of peptidases can 
take over. Whether these different enzymes are constitutively present in the seawater or 
they are induced through time based on different peptide substrates is unclear yet. 
Enzyme expression and genomic information on microbes need to be studied further. 
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From the biology perspective, we linked the bacterial communities to peptide 
decomposition in normoxic and hypoxic coastal seawater in the northern Gulf of Mexico 
(Chapter 5) and highlighted the possible role of protists in peptide decomposition 
(Chapter 6). There are many implications for C and N cycles from these studies. First, 
linking microbial communities to their metabolic functions in biogeochemical processes 
in ecosystem has long been challenging in the field of microbial ecology. DNA-SIP 
technique provides us a means to link functions of microbial groups to their phylogenetic 
identities without isolating them in cultures. The DNA-SIP data can help evaluate 
capability of different microbial groups in labile organic matter decomposition and 
discover microbial taxa with previously unknown biogeochemical functions. Secondly, 
the microcosm study can provide clues to studying the potential specific microbial roles 
in labile organic matter (small peptide as a model here) decomposition, especially in 
some microenvironments in the ocean. Some microenvironments in natural seawater like 
marine snow are enriched with labile organic matter such as proteins. Marine snow that 
aggregate detritus, living organism and inorganic matter and transport much of the 
surface-derived matter to ocean floor are typically enriched with microbial communities 
and serve as “hot-spot” loci for microbial metabolic functions related to organic matter 
decomposition (Alldredge and Silver, 1988; Fenchel, 2002). With as many as four 
hundred per liter in surface seawater, marine snow supports two to five orders of 
magnitude higher bacterial production than the surrounding water and are associated with 
elevated level of hydrolytic enzyme activities (Alldredge and Silver, 1988). The 
identification of various microbes in peptide decomposition in microcosm studies may be 
extrapolated to labile organic matter decomposition processes in these 
microenvironments that are important for carbon and nitrogen cycle in the ocean. Thirdly, 
understanding specific microbes participating in peptide decomposition among different 
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seawater environments can further determine the redistribution of nutrient and 
bioavailable carbon substrates since hydrolysis and uptake are the initial steps in organic 
matter remineralization cascade. For example, related to oxygen consumption during 
organic matter remineralization, our study is important for evaluating the oxygen 
condition in marine habitats to some extent as fast decomposition of organic matter 
provides a positive feedback to hypoxia. Lastly, investigating specific microbial types 
that decompose peptides is the first step for further studies to explain possibly different 
patterns of peptide decomposition observed in various environments and to understand 
the mechanism of microbial utilization of labile DOM in a broader perspective. 
The role of phosphate in shaping bacterial community and determine peptide 
decomposition rates in coastal seawater was discussed in the Chapter 5 (Liu and Liu, 
2016). N:P ratios of suspended and sinking particles (mean value of 22.3) are generally 
higher than the Redfield ratio of 16:1 (Karl et al., 2001), so external P is needed meet the 
P demand by fast-growing bacteria with N: P of ~13 (Makino et al., 2003). Thus, this 
phosphate effect on bacterial growth and peptide decomposition may be applicable to 
overall organic matter in natural seawater. But more studies are needed to determine if 
these results can be applied to oligotrophic seawater, which have different microbial 
community and water chemistry than coastal seawater.  
With different bacterial groups showing different efficiency of peptide 
decomposition, their capabilities of peptide decomposition may be related to different 
peptide decomposition pathways (Chapter 5). For instance, fast-growing bacteria may 
take up peptide directly through peptide transporter instead of extracellular hydrolysis 
(Appendix II). This indicates that different bacteria may utilize peptide through different 
metabolic pathways. Whether this is related to their genome variation or specific gene 
expression is still largely unexplored. Analysis of functional genes related to peptide 
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decomposition pathways is needed to gain insights into mechanisms of peptide 
decomposition at the molecular level.     
Overall, this dissertation offers insights into labile organic matter cycling, 
microbial ecology, and nutrient regeneration in seawater, and also opens more questions 
about the factors controlling the hydrolysis and decomposition patterns of labile organic 
matter, microbial behavior and functions in biogeochemical processes. Some future 
directions or questions related to our study may include: 
1. We need to further develop analytical methods that have lower detection limit for 
peptides in seawater, especially focusing on measuring ambient plain peptides and 
proteins. For example, combining our LC-MS method with DOM concentrating 
techniques like solid phase extraction (Curtis-Jackson et al., 2009) may help to 
identify ambient peptides. 
2. More studies across different marine environments are necessary for determining 
the factors controlling variation of hydrolysis/decomposition rates and pathways 
of peptides. For instance, mapping peptide hydrolysis and/or decomposition rates 
and pathways geographically at different regional scale is needed to estimate 
enzyme activities and carbon and nitrogen flux in the large and connected ocean 
environment. Large amounts of data are required to tease out co-varying 
environmental factors controlling peptide decomposition through some statistical 
analysis like multiple linear regressions. During this mapping process, we also 
need to consider using the same peptide substrate at the same concentration, 
which is important to derive a comparable pattern from different environments. 
Our preliminary data suggests that added peptide concentration may affect 
bacterial community structure during peptide incubation. Whether there is a 
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substrate concentration effect on microbial community development and therefore 
peptide decomposition pattern needs more investigation. 
3. Linkage between bacterial communities and peptide decomposition through SIP 
or other techniques should be expanded to more seawater environments, such as 
coastal vs. open ocean and different ocean basins, in order to establish a global 
picture of microbial interactions with labile organic matter. This is also important 
to understand factors controlling the varied patterns of microbial utilization of 
peptides. For example, significant environmental variations are present between 
the coastal and open ocean and bacteria with different nutrition strategies are 
related to environments. While opportunitrophic bacteria are expected to be more 
abundant in coastal seawater supplied with episodic large DOM flux, oligotrophic 
bacteria may be dominant in open ocean environments with low-concentration 
DOM and nutrients. Whether the biogeographic distribution of these bacteria is 
coupled with their peptide decomposition functions can be tested.  
4. Although the role of protists is implied strongly in our study, direct evidence is 
lacking. Techniques to tease apart the protists and particle-attached bacteria in the 
large-size fractions are needed to explore the relative individual roles of these 
microbes in peptide decomposition. One way to directly show the role of protists 
in peptide decomposition may be through DNA-SIP and protist 18S rRNA gene 
analysis to determine protists active in peptide metabolization.  
5.  In addition to microbial community structure analysis, it is necessary to focus on 
more metabolic pathways or functional genes involved in peptide decomposition 
to address future research needs. This goal may be achieved through the fast-
developing metagenomics and metatranscriptomics. Metabolites formed during 
microbial utilization of peptides in incubation experiments may provide some 
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clues on their metabolic functions and refractory DOM formations as well. Target 
biomarker metabolites can be established using LC-tandem MS to indicate 
microbial biogeochemical functions.  
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Appendix I The mystery of rapid hydrolysis: discovering instantaneous 
hydrolysis of small peptides in seawater incubations 
Instantaneous hydrolysis at the initial time point was observed in the peptide 
incubation, especially in the Sta. SC seawater (Chapter 4). Noticeable hydrolysis 
products, accounting for 0.01-2.2 mol L-1, were present at 0 h that should presumably be 
zero or at background levels (Figs. 4.1-4.5). This observation was not due to the 
contamination since no peptide fragments were detected in the AVFA standard or in the 
ambient seawater. We designed a short-term (2 h) peptide incubation experiment in Sept. 
2014 to decipher the enzymes responsible for this instantaneous hydrolysis. Sta. SC 
seawater was subject to different treatments, including unfiltered seawater, 0.2 m-
filtered seawater, seawater amended with HgCl2 to inhibit bacterial activities, autoclaved 
seawater and autoclaved 0.2 m-filtered seawater.  
While AVFA was hydrolyzed little in all treatments during 2 h (Fig. A1.1a), 
hydrolysis products such as VFA, FA, AV and A were much less in the autoclaved and 
autoclaved 0.2 m-filtered seawater than in the other three treatments at the initial time 
point (Figs. A1.1b, c, d, e). This pattern suggests that autoclaving deactivated or 
denatured the enzymes that could contribute to the rapid hydrolysis within a couple of 
minutes. The similar fragments patterns between the unfiltered and 0.2 m-filtered 
seawater indicate that the enzymes responsible for the instantaneous hydrolysis were 
present as free-dissolved (<0.2 m) extracellular forms. The produced fragments in the 
HgCl2 amended treatment indicates that these extracellular enzymes possibly contain no 
sulfhydryl groups as HgCl2 could not inhibit enzymes without these functional groups. 
Low concentration of FA in the HgCl2 treatment might be due to its oxidization by HgCl2 
(Liu et al., 2006) (Fig. A1.1c), but more investigation is needed. In contrast to A, 
production of V and F was highest in the unfiltered seawater due to more cell-associated 
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enzymes present in that treatment, but similar among all the other treatments (Figs. 
A1.1f, g), indicating that the instantaneous hydrolysis mostly occurred at the end 
terminus of peptides by exopeptidases.  
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Figure A1.1.  Concentration of (a) AVFA and its hydrolyzed products (b) VFA, (c) 
FA,   (d) AV, (e) A, (f) V, and (g) F with time during the 2-h incubation in 
the unfiltered (UNF) seawater, 0.2 m filtered seawater, seawater amended 
with HgCl2, autoclaved seawater and autoclaved 0.2 m filtered seawater 
from the Sta. SC in Port Aransas, TX in Sept. 2014.  
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Figure A1.1 (continued) 
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Appendix II PCR detection of oligopeptide transporter genes during 
peptide degradation in seawater 
ABSTRACT 
As peptides are commonly considered as effective in supplying multiple amino 
acids, direct peptide uptake with intracellular hydrolysis into amino acids, as opposed to 
extracellular hydrolysis of peptides into amino acids, may be more energy efficient to 
support bacterial growth. Oligopeptide transporters (oligopeptide permeases, Opp) play 
an important role in the uptake of tripeptides and larger peptides by bacteria, as 
demonstrated in studies using single bacterial species such as E. coli. However, whether 
this pathway holds in marine environments remains unclear. Here we developed a set of 
PCR primers to amplify Opp genes for several bacterial strains during peptide incubation 
in the bottom seawater in the northern Gulf of Mexico, and compared their relative 
abundances between the surface and bottom water incubations. We detected Opp genes 
of Neptuniibacteria and Roseobacter in the incubation samples. The amount of Opp 
genes in the bottom samples was at most five to 100 fold higher than that in the surface 
samples. This difference corresponded well with a higher percentage of certain bacteria, 
such as Neptuniibacter and Roseobacter, with incubation time in the bottom seawater 
than that in the surface seawater. This observation indicates that the existence of Opp 
genes might make these bacteria in the bottom seawater more competitive in peptide 
utilization than other bacteria and contribute to their rapid growth throughout the peptide 
incubation. Our study implies the dominance of peptide transporter genes, which are 
likely involved in the direct peptide uptake pathway during peptide decomposition, in the 
bottom seawater in northern Gulf of Mexico.  
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INTRODUCTION 
Bacteria utilize peptides as a source of amino acids for building their biomass. 
There are two major pathways of this utilization in seawater. One is through extracellular 
hydrolysis of peptides into amino acids, either by enzymes dissolved in the water, 
attached to cell walls, or within the periplasmic space. The released amino acids are then 
taken up by bacteria via amino acid permeases. The other one is through transport of 
intact peptides directly by peptide permeases and further breakdown of peptides into 
amino acids by peptidases intracellularly (Sussman and Gilvarg, 1971; Chróst, 1991; 
Martinez and Azam, 1993; Arnosti, 2011). As peptides are commonly considered as more 
effective than mixture of amino acids in providing nutrition to bacteria and bacteria can 
sometimes grow more rapidly on peptides than free amino acids under similar 
concentrations (Law, 1978; Payne, 1980), the latter pathway can be more energy 
efficient.  
Peptide transporters (peptide permeases) provide necessary nutrition to cells, and 
also are involved in signaling processes such as regulation of gene expression, 
sporulation, and chemotaxis to help bacteria better adjust to local environments (Detmers 
et al., 2001; Gardan et al., 2009). There are mainly three kinds of peptide transporters in 
bacteria: oligopeptide permease (Opp), dipeptide permease (Dpp) and tripeptide 
permease (Tpp). Two (Opp, Dpp) belong to the large ATP-binding cassette (ABC) 
transporter family and one (Tpp) belongs to the proton-dependent peptide transporter 
(PTR) family (Payne and Smith, 1994; Steiner et al., 1995; Daniel et al., 2006). While the 
Opp can transport peptides with five to six amino acids in Salmonella typhimurium and 
Escherichia coli or 6-18 amino acids in some Gram-positive bacteria, they have limited 
 206 
capability of transporting some dipeptides. In contrast, the Dpp is complementary to the 
Opp and specifically transports dipeptides (Payne and Gilvarg, 1971; Jamieson and 
Higgins, 1984; Jenkinson et al., 1996; Lanfermeijer et al., 1999). The additional Tpp 
system has the ability to transport a large variety of tripeptides, especially with high 
affinity for peptides with hydrophobic amino acids, and it can also transport dipeptides 
although less effectively (Payne, 1983). With its wide range of accessibility to different-
size peptide substrates and well-studied mechanism, the Opp transporter system is the 
focus of this study. 
The Opp transporter system includes five subunits: an oligopeptide-binding 
protein (OppA) that is in the periplasmic space and captures substrates, two 
transmembrane proteins (OppB and OppC) forming the pore for peptide translocation, 
and two ATP-binding proteins (OppD and OppF) that link peptide translocation with 
energy through ATP hydrolysis (Payne and Smith, 1994). Previous studies have shown 
the important role of Opp transporter in peptide utilization. For instance, the OppA 
protein is larger than other periplasmic binding proteins with a molecular weight of 
52,000 in S. typhimurium and also one of the most abundant periplasmic proteins in the 
Gram-negative bacteria E. coli and S. typhimurium, typically accounting for 5-8% of the 
total (Higgins and Hardie, 1983; Higgins et al., 1983; Guyer et al., 1985). OppD and 
OppF contain two regions of highly conserved sequences that form nucleotide-binding 
fold, providing strong evidence that peptide transport is energized by ATP hydrolysis 
(Walker et al., 1982; Higgins et al., 1985).  
Peptide uptake through Opp transporter is well studied in single bacteria species, 
such as E. coli, S. typhimurium, Pseudomonas aeruginosa, and Streptococcus faecalis 
(Nisbet and Payne, 1982; Higgins and Hardie, 1983; Alves, 1984; Hulen and Legoffic, 
1988). A few studies have investigated peptide transporter genes through metagenomics 
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and metatranscriptomics approach, and showed that widely distributed dipeptide and 
oligopeptide transporter sequences accounted for 11% of total dissolved organic carbon 
(DOC) transporter genes in coastal seawater (Poretsky et al., 2010). This indicates 
widespread of peptide transporters in marine environments.  
In this study, we developed PCR primers to amplify Opp genes for certain 
rapidly-growing bacteria during the incubation of small oligopeptide alanine-valine-
phenylalanine-alanine (AVFA), a fragment of ribulose-1,5-bisphosphate 
carboxylase/oxygenase (RuBisCO), in the surface (2 m) and bottom (17 m) seawater 
from one station in the northern Gulf of Mexico (nGOM). We detected Opp genes of 
Neptuniibacteria and Roseobacter in our samples, and the amount of Opp genes in the 
bottom samples was five to 100 fold higher than that in the surface samples. This 
difference corresponded well with faster peptide decomposition rate and an increasing 
percentage of certain bacteria, such as Neptuniibacter and Roseobacter, with incubation 
time in the bottom seawater than those in the surface seawater (Liu et al., 2013). This 
indicates that the existence of Opp genes might make these bacteria in the bottom 
seawater more competitive in peptide utilization than other bacteria and contribute to 
their rapid growth throughout the peptide incubation. 
 
MATERIALS AND METHODS 
Peptide incubation  
The peptide AVFA was incubated in the dark for 76 h in the surface (2 m) and 
bottom (17 m) seawater collected from Sta. C6 (28̊ 51’N, 90̊ 22’ W) in the nGOM 
onboard R/V Pelican during the May 2011 cruise. At each time point, a 12 mL aliquot 
was filtered through 0.2 μm Nylon filters (25 mm, Osmonics) and the filters were stored 
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at −20 °C for bacterial community analysis or Opp gene detection below. The detailed 
peptide incubation procedure was described in Liu et al. (2013).  
 
Chemical and biological analysis 
Peptide, amino acid, ammonium, bacterial abundance and bacterial community 
structure were analyzed in previous work as described in Liu et al. (2013) (Fig. A2.1).  
In brief, concentrations of AVFA and byproducts from its hydrolysis (VFA and FA) were 
measured by high performance liquid chromatography (HPLC, Shimadzu Prominence) 
equipped with a photodiode array detector. Amino acid concentrations were measured 
using HPLC with fluorescence detection after pre-column o-phthaldialdehyde (OPA) 
derivatization. Ammonium was analyzed in HPLC with post-column OPA derivatization. 
Bacteria were counted in an Accuri C6 flow cytometer after SYBR Green staining. 
Bacteria community structure was analyzed from DNA pyrosequencing of partial filter 
samples (three time points) sent to the Research and Testing Laboratory, Lubbock, TX. 
The rest of the filters (the other five time points) were preserved for the DNA extraction 
and Opp gene detection as described below.  
 
Primer development 
Primers for Opp genes were designed based on sequences obtained from the 
National Center for Biotechnology Information (NCBI) GenBank. Based upon the 
rapidly-growing bacterial genera in the bottom seawater incubation (Fig. A2.1f), which 
were most likely to have Opp genes as indicated previously (Liu et al., 2013), four genera 
(Alteromonas, Roseobacter, Neptuniibacter, Vibrio) were chosen to design primers 
because of the availability of Opp sequences in the NCBI GenBank. For each genus, one 
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to three major strains within that genus were found in the NCBI with their Opp protein 
sequences and corresponding protein coding DNA sequences (CDS) (Table A2.1). 
Different regions of Opp (OppA, OppBC and OppDF) were also selected for these strains 
for primer design if present in the NCBI GenBank. Using these CDS, primers were 
custom-designed through OligoPerfectTM Designer tool on the life technologies website 
(http://tools.lifetechnologies.com/content.cfm?pageid=9716&icid=fr-oligo-6) with 
optimal primer size set at 20 bp, annealing temperature (Tm) at 60 ºC, and G+C content 
at 50%. Primers designed for 200-300 bp DNA analysis sequences were selected for each 
strain and each Opp region (Table A2.1).  
 
DNA extraction, PCR amplification and gel checking 
DNA was extracted from filters that were not sent out for bacterial community 
structure analysis before (i.e., collected at time points of 10, 22, 33, 49, and 57 h during 
the incubation) using the MoBio PowerWater® DNA Isolation kit (MoBio Laboratories, 
Inc, Carlsbad, CA) following the manufacturer’s protocol. Extracted DNA concentrations 
were quantified by a Nanodrop spectrophotometer (NanoVue PlusTM, GE Healthcare). 
Three sets of samples were amplified by PCR for different purposes: (1) to test 
working primers, extracted DNA of all available time points in the 17 m seawater 
incubation was mixed in equal-amounts and amplified by every designed primer for Opp 
genes; (2) to test the appropriate cycle number for PCR conditions before reaching the 
PCR plateau phase. DNA of the 17 m 57 h samples that had the moderate DNA 
concentrations among all samples (Table A2.2) was amplified by 25, 30, 35, and 40 PCR 
cycles using a 16S rRNA gene primer and one working Opp primer Neptuniibacter 
caesariensis OppDF, respectively; (3) after working primers for Opp genes in (1) (Table 
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A2.3) were determined, all extracted DNA samples from the 2 m and 17 m seawater 
incubations were amplified by two working primers, Neptuniibacter caesariensis OppDF 
and Roseobacter sp.1 OppDF.  
Bacterial Opp genes were amplified by PCR using the primers designed here. For 
every 25 μL reaction, 5 μL DNA template (final concentration <250 ng), 0.6 μL Opp 
forward primer (20 μmol·L-1), 0.6 μL Opp reverse primer (20 μmol·L-1), 12.5 μL GoTaq® 
Green Master Mix, 2X (Promega, Madison, WI) that contains GoTaq® DNA polymerase, 
deoxynucleoside triphosphate (dNTP) (400 μmol·L-1 each), and 3 mmol·L-1 MgCl2 in 2X 
Green GoTaq® reaction buffer (pH 8.5), and 6.3 μL nuclease-free water were mixed on 
ice. Negative controls were included with same components as above except for 
replacing the DNA template with the nuclease-free water. PCR amplification followed 
the program: a first denaturation step at 94ºC for 4 min, followed by 35 cycles of 30 s 
denaturation at 94ºC, 30 s annealing at 55ºC and 1 min elongation at 72ºC, and a final 
elongation at 72ºC for 10 min, in a thermal cycler (Eppendorf Mastercycler gradient). In 
addition, bacterial 16S rRNA genes of each sample were amplified by PCR to serve as 
positive controls. The 25 μL reaction mix for 16S rRNA gene amplification contains 1 μL 
DNA template, 1 μL 16S forward primer 27F 5’-AGAGTTTGATCMTGGCTCAG-3’ 
(10 μmol·L-1), 1 μL 16S reverse primer 1492R 5’-CGGTTACCTTGTTACGACTT-3’ 
(10 μmol·L-1), 12.5 μL GoTaq® Green Master Mix, 2X and 9.5 μL nuclease-free water. 
The PCR amplification for 16S rRNA genes followed the same program as described 
above.        
PCR products were checked on the 1% agarose gel staining with ethidium 
bromide. Gels were visualized under UV and the band intensity was quantified by the 
peak area integrations using ImageJ.  
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Sanger Sequencing  
A few PCR products were sent to the DNA Sequencing Facility in the Institute for 
Cellular and Molecular Biology in the University of Texas at Austin for Sanger 
sequencing. PCR products were purified by the Agencourt CleanSEQ system (Beckman 
Coulter) and then sequenced in a capillary-based AB 3730 DNA Analyzer. 
Chromatograms were processed through BioEdit v7.2.5 to assemble the forward and 
reverse sequences. Obtained DNA sequences were compared with the reference DNA 
and protein sequences from the NCBI using the blast and blastx tools.  
 
RESULTS 
Peptide decomposition and bacterial growth 
As described in Liu et al. (2013), AVFA decomposition was faster in the 17 m 
seawater than in the 2 m seawater, with nearly one order of magnitude higher 
decomposition rate in the 17 m seawater than that in the 2 m seawater during 27-49 h 
(Fig. A2.1a). However, more than twice amounts of peptide fragments, VFA and FA, 
were released in the 2 m seawater than in the 17 m seawater during the entire incubation, 
accounting for 17% of decreased AVFA in the 2 m seawater at 76 h (Fig. A2.1b). 
Consistently, the production of amino acids was also higher in the 2 m seawater than in 
the 17 m seawater, reaching 1-2 orders of magnitude difference at certain time points 
(Fig. A2.1c). A major fraction of decomposed AVFA (42-60%) were released as 
ammonium in the 17 m seawater, almost twice as high as that in the 2 m seawater (Fig. 
A2.1d). Production of peptide fragments and amino acids was less in the 17 m seawater 
incubation than in the 2 m seawater, suggesting direct uptake of intact peptide by bacteria 
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as the peptide decomposition pathway in the 17 m seawater in contrast to the extracellular 
hydrolysis pathway in the 2 m seawater (more discussion in Liu et al. (2013)). The direct 
uptake could involve Opp genes in the 17 m seawater.  
Decomposed AVFA supported a six-fold increase in bacterial abundance within 
22 h in the 2 m seawater incubation, but no consistent pattern was seen in the 17 m 
seawater incubation (Fig. A2.1e). However, certain bacteria types grew rapidly in the 17 
m seawater incubation, outcompeting other bacteria in the 2 m seawater incubation (Fig. 
A2.1f). These bacteria genera included Neptuniibacter, Roseobacter, Marinobacterium, 
Vibrio, Amphritea, Thalassomonas, Pseudoalteromonas, and Ruegeria, which increased 
from 0-2% of the overall bacterial community at 2 h to 4-22% at 27 h or 41 h and were 
potential candidates for possessing Opp genes and playing a role in peptide transport 
process.  
 
Design of PCR primers for Opp genes 
Based on the rapidly-growing bacteria genera in the 17 m seawater incubation, 2-
5 protein sequences and their corresponding CDS for each bacteria genus were selected 
for designing primers based on the availability of these sequences in NCBI (Table A2.1). 
Since these sequences might come from different regions in the Opp genes and complete 
Opp gene sequence for every bacteria strain is not available, no conserved regions were 
found for Opp genes among these bacteria using the ClustalW program. Thus, primers 
were designed for individual bacteria strain and Opp protein fragments respectively. For 
Neptuniibacter, two protein fragments, peptide-binding protein OppA and ATP-binding 
protein OppDF, from the species strain Neptuniibacter caesariensis MED92 
(EAR60493.1) were chosen; for Roseobacter, OppA from two Roseobacter sp. strains 
 213 
GAI101 (EEB83649.1) and CCS2 (EBA10778.1), and OppDF from Roseobacter sp. 
GAI101 (EEB83452.1) and MED193 (EAQ46635.1) were chosen; for Vibrio, OppA 
from Vibrio sp. AND4 (EDP60307.1) and OppDF from Vibrio sp. EJY3 (AEX20542.1) 
were chosen; for Alteromonas, membrane protein (OppBC, AEF04126.1) and three 
OppDF fragments (AEF04129.1, AEF02084.1, YP_004469387.1) from Alteromonas sp. 
SN2 were chosen. 
 
PCR amplification of Opp genes in peptide incubation samples 
Concentrations of extracted DNA from incubation samples ranged from 2.3 to 
48.0 ng L-1 (Table A2.2). Out of all twelve primers tested on the mixture of 17 m time-
points incubation samples, three yielded positive amplification results with PCR products 
of the expected size (Table A2.3). These three primers were for OppDF of Roseobacter 
sp. GAI101, OppA of Neptuniibacter caesariensis MED92 and OppDF of Neptuniibacter 
caesariensis MED92. In addition to the PCR products of expected size for the Opp genes, 
some other weaker PCR products of unexpected size were observed in the amplification 
with the primer for OppDF of Roseobacter sp. GAI101. However, this did not affect our 
study since we focused on detecting Opp genes rather than accurate quantification.  
The PCR cycle number test showed that for the Neptuniibacter OppDF gene, PCR 
products were not detectable within 30 cycles, whereas the quantity of PCR amplification 
products with expected 241 bp size increased exponentially from 30 to 40 cycles without 
reaching plateau (Fig. A2.2). For the positive control with 16S primers, the amplification 
of PCR products with 1465 bp size exponentially increased with cycle number from 25 to 
40 cycles and did not reach a plateau. Thus, moderate number of 35 cycles was chosen 
for the PCR amplification. 
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Using two working OppDF primers for two different bacteria genera, 
Neptuniibacter and Roseobacter, PCR products with expected Opp gene size were shown 
for both 2 m and 17 m incubation samples (Figs. A2.3a and A2.3b). PCR amplifications 
of negative controls without DNA template showed no products of expected size (data 
not shown), indicating Opp gene amplification with the sample DNA. At a few time-
point samples, other weaker PCR products with larger unexpected and nonspecific size 
were shown, such as in the Neptuniibacter OppDF gene amplification of the 17 m 10 h, 
22 h, and 57 h samples (Fig. A2.3a). However, this result did not affect our further 
qualitative analysis as stated above. To eliminate the DNA concentration difference 
among extracted samples (Table A2.2), PCR amplification of all incubation samples 
using 16S primers were also conducted and peak areas of PCR products were integrated. 
These positive controls showed that amplifications of all samples with 16S primers were 
successful (data not shown).  
Comparing Opp genes (corrected for differences in 16S amplification among the 
samples) between the 2 m and 17 m incubation samples, the abundance of Opp genes for 
both Neptuniibacteria and Roseobacter in the 17 m seawater were more than in the 2 m 
seawater during incubation (Figs A2.3c and A2.3d), especially with two orders of 
magnitude difference for Neptuniibacter and five times difference for Roseobacter at 33 
h when peptide was decomposed rapidly in the 17 m seawater (Fig. A2.1a). With 
incubation time, amounts of Opp genes for both Neptuniibacter and Roseobacter first 
increased from 10 h to 33-49 h and then decreased afterwards in the 2 m and 17 m 
seawater. The Opp gene trends corresponded well with changes in bacterial communities, 
such as the percentage increase of Neptuniibacter and Roseobacter at 41h in the 2 m 
seawater and their even larger increase at 27 h and 41 h in the 17 m seawater (Fig. 
A2.1f).    
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To assess whether the increase of Opp gene amount was only due to the increase 
of all bacteria with time (Fig. A2.1e), Opp gene integrated peak area was normalized to 
bacterial abundance through time (Figs. A2.3e and A2.3f). Normalized Opp gene amount 
of Neptuniibacter and Roseobacter in the 17 m seawater was five to 100 fold higher than 
that in the 2 m seawater, indicating the increase of Opp gene amounts was closely related 
to the change of certain bacteria types, such as Neptuniibacter and Roseobacter, rather 
than all bacteria.  
 
Similarity of assembled sequences with NCBI reference sequences 
To test the specificity of amplified PCR products, selected samples were 
sequenced by Sanger sequencing. Assembled OppA or OppDF gene sequences of 
Neptuniibacter in incubation samples showed great similarities (92-97%) to the reference 
DNA and protein sequences from NCBI using the blast and blastx tools (Table A2.4). 
However, assembled DNA sequences of OppDF genes of Roseobacter were not 
significantly similar to their NCBI reference DNA sequences, and only 34-62% similar to 
their reference protein sequences, probably due to the interference from other non-
specific PCR products.  
 
DISCUSSION 
Based on the previous chemical analysis, only 0.1-13% of AVFA was hydrolyzed 
to peptide fragments and amino acids in the 17 m seawater while 28-100% of 
decomposed AVFA was converted to peptide fragments and amino acids in the 2 m 
seawater throughout the incubation time (Figs. A2.1a, A2.1b, and A2.1c). This pattern 
suggested that peptide decomposition pathway of direct peptide uptake was more 
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dominant in the 17 m than in the 2 m seawater. From this study, we further showed the 
potential and importance of direct peptide uptake pathway in the 17 m seawater through 
the Opp gene detection. If equally distributed among each bacteria type, Opp genes 
would be expected to change little with time in the 17 m seawater as bacterial abundance 
only changed slightly in throughout incubation (Fig. A2.1e). Meanwhile, more Opp genes 
would also be expected in the 2 m than in the 17 m seawater before 33 h and not much 
difference between these two waters afterwards. However, more Opp genes were present 
in the 17 m than in the 2 m incubation and the increase of Opp genes with incubation 
time before 41 h corresponded well with the pattern of rapid growth of certain bacteria 
types, such as Neptuniibacter and Roseobacter, in the 17 m incubation (Figs. A2.3 and 
A2.1f). This result indicates that more Opp genes were associated with these rapidly-
growing bacteria, and that the existence of Opp genes might contribute to their rapid 
growth of these bacteria throughout the peptide incubation and fast peptide 
decomposition rate in the bottom seawater.  
Consistent with our result, previous studies found oligopeptide transport 
capability can differ among bacteria. Peptide uptake rates varied several orders of 
magnitude among different strains of Lactococcus lactis and E. coli, and their relative 
growth rate also differed from 0% to 100% (Payne and Bell, 1979; Charbonnel et al., 
2003). Opp gene numbers can differ among different bacteria as well. While the Opp 
system of most L. lactis strains contain only one OppA gene, Streptococcus thermophiles 
possess three homologous genes encoding oligopeptide-binding proteins that may help to 
broaden substrate specificity and enhance peptide transport efficiency (Garault et al., 
2002; Lamarque et al., 2004). Oligopeptides with different amino acid compositions tend 
to compete with each other for the transport in E. coli, indicating of only one Opp 
transport system with low substrate specificity present in E. coli (Payne 1968; Payne, 
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1971; Sussman and Gilvarg, 1971). However, another oligopeptide transporter system 
other than Opp was discovered in L. lactis and Bacillus subtilis (Lamarque et al., 2004; 
Wright et al., 2004), which may be associated with dual functions, including both peptide 
uptake and environmental sensing (Lamarque et al., 2011). All these pieces of evidence 
indicate that some bacteria may be better or more potent at peptide transport and 
contribute more to labile organic matter decomposition than others. 
As peptide transport systems are independent of amino acid transport system 
(Payne and Gilvarg, 1971), direct peptide uptake via peptide transporter can be more 
efficient for peptide utilization than extracellular hydrolysis into amino acids with 
subsequent uptake of amino acids. On one hand, extracellular hydrolysis is often the rate-
limiting step in organic matter remineralization (Hoppe, 1991; Davey et al., 2001; 
Arnosti, 2011), which slows down the overall bacterial growth on organic matter 
substrates. On the other hand, peptides can be superior to mixtures of amino acids for 
bacterial growth when many types of amino acids are needed. There is also competition 
among the uptake or catabolism of required amino acids by enzymes targeting them 
(Payne, 1980). For example, a strain of Streptococci grows more efficiently on peptide 
containing arginine than free arginine due to the protection of peptide-bound arginine 
from degradation by arginine dihydrolase (Gale, 1945). The efficiency of peptide 
utilization through Opp system is reflected in our results as higher Opp gene abundance 
and faster peptide decomposition were present in the bottom water than in the surface 
water.  
Regulation of Opp may be complicated, as previous studies led to different 
conclusions. At the transcription level, transcription of the Opp gene in S. typhimurium 
was unaffected by the changes of carbon and nitrogen sources, such as peptides and 
amino acids (Jamieson and Higgins, 1984). In coastal seawater, transcripts of transporter 
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genes can also constitutively express regardless of substrates, leading to mismatch 
between transporter expression and substrate flux (Poretsky et al., 2010). However, Opp 
gene transcription in E. coli increased with the presence of leucine and alanine in the 
medium (Andrews and Short, 1986). At the protein level, oligopeptide transport in E.coli 
appeared to be constitutive and expressed at high levels based on the observation that 
various nutrient limitations did not affect bacterial uptake mediated by Opp (Higgins and 
Hardie, 1983; Payne and Smith, 1994). But whether this holds true in other bacteria needs 
more investigation. More transcription studies about Opp gene expression and activity are 
needed to provide more information about how the Opp system functions in 
environmental incubation samples when combined with our current study of detecting 
Opp gene existence.  
This study broadens our understanding of the Opp gene in the complex 
environmental incubation samples from previous studies with single bacteria strains and 
revealed differences in Opp gene abundance among different bacteria types among 
bacterial communities in the seawater. Using low-cost and quick PCR amplification with 
customized PCR primers, we detected Opp genes of certain bacterial types, such as 
Neptuniibacter and Roseobacter, in the peptide incubation samples. This simple method 
may be applied to other environmental samples to obtain a quick look at the Opp gene 
existence. With further optimization of this PCR method, such as finding universal 
primers for Opp genes from different bacteria when more Opp gene sequences are 
available and eliminating non-specific amplifications for quantitative analysis, we can 
expand our knowledge of Opp gene more in marine environments. In addition, the 
combination of detecting the Opp genes with measuring the Opp gene transcription using 
mRNA or protein expression using metaproteomics are also needed in future studies.  
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Table A2.1. Sequences and protein coding DNA sequence (CDS) positions of designed primers for the amplification of 
oligopeptide transporter (Opp) genes from different bacteria species. 
Primer namea Species 
strain 
NCBI protein 
accession No. 
CDS position Sequence (5’-3’) 
Alteromonas sp. OppBC F SN2 AEF04126.1 220-239 CTACAAGGCGATTGGGGTTA 
Alteromonas sp. OppBC R SN2 AEF04126.1 477-496 ACAAAGGCGCAATATCAAGG 
Alteromonas sp. OppDF1 F SN2 AEF04129.1 232-251 TTGGCGAAATACAACCAACA 
Alteromonas sp. OppDF1 R SN2 AEF04129.1 459-478 GTTGGCCATCAGACAGCATA 
Alteromonas sp. OppDF2 F SN2 AEF02084.1 180-199 CAGTGCAAGTGAAGGGGAAT 
Alteromonas sp. OppDF2 R SN2 AEF02084.1 439-458 TGTTGCTGACCACCTGAAAG 
Alteromonas sp. OppDF3 F SN2 YP_004469387.1 485-504 GAAAATGGCTTGCCCAGTAA 
Alteromonas sp. OppDF3 R SN2 YP_004469387.1 669-688 TGCTATTGCGCTTAATGACG 
Roseobacter sp.1 OppA F GAI101 EEB83649.1 289-308 CAGAATGAAAACCCGCTGTT 
Roseobacter sp.1 OppA R GAI101 EEB83649.1 471-490 CAGAATGAAAACCCGCTGTT 
Roseobacter sp.2 OppA F CCS2 EBA10778.1 394-413 CTGTTTCCACATCTGGCTGA 
Roseobacter sp.2 OppA R CCS2 EBA10778.1 639-658 CGTCGACCGTGATGTTATTG 
Roseobacter sp.1 OppDF F GAI101 EEB83452.1 338-357 ACAGTGGCCTGTACCGAAAC 
Roseobacter sp.1 OppDF R GAI101 EEB83452.1 618-637 CATGCAGATGGTGTTCCAAG 
Roseobacter sp.3 OppDF F MED193 EAQ46635.1 1409-1428 GCAGCGATGTCAGTGTGACT 
Roseobacter sp.3 OppDF R MED193 EAQ46635.1 1671-1690 ACAGTTCACCCGGTGCTATC 
Neptuniibacter caesariensis OppA F MED92 EAR60496.1 691-710 GGCTTCAGTGGGTAGCTCTG 
Neptuniibacter caesariensis OppA R MED92 EAR60496.1 966-985 TGACTTTCGCCAGGAGAACT 
Neptuniibacter caesariensis OppDF F MED92 EAR60493.1 1013-1032 ATCTGCTCCTGGATGGTCAC 
Neptuniibacter caesariensis OppDF R MED92 EAR60493.1 1234-1253 TTGGTGAAACGCTACTGCTG 
Vibrio sp.1 OppA F AND4 EDP60307.1 868-887 ACACCCGCAAATAACGTCTC 
Vibrio sp.1 OppA R AND4 EDP60307.1 1080-1099 GCATAAGCGCAAGTGCATAA 
Vibrio sp.2 OppDF F EJY3 AEX20542.1 663-682 TGACCGTGTGGCAGTTATGT 
Vibrio sp.2 OppDF F EJY3 AEX20542.1 892-911 TCCAACAACGGACCAGTGTA 
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Table A2.1 (continued) 
a, Primer name includes the bacteria name (different strains of the same species are indicated by different numbers), oligopeptide transporter protein 
(OppA for peptide-binding protein, OppBC for membrane protein and OppDF for ATP-binding protein, different fragments of the same protein are 
indicated by different numbers), and primer strand (F for forward primer and R for reverse primer). 
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Table A2.2. Extracted DNA concentrations of the AVFA incubation samples. 
Sample name DNA concentration 
(ng L-1) 
Sample name DNA concentration 
(ng L-1) 
2m 10h 11.9 17m 10h  2.3 
2m 22h 29.0 17m 22h 48.0 
2m 33h 41.0 17m 33h 2.8 
2m 49h 13.8 17m 49h 2.8 
2m 57h 8.5 17m 57h 7.1 
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Table A2.3. PCR amplification results of designed Opp primer test on the AVFA 17 m 
incubation samples (all time points mixture). 
Targeta PCR productsb 
Alteromonas sp. OppBC - 
Alteromonas sp. OppDF1 - 
Alteromonas sp. OppDF2  -c 
Alteromonas sp. OppDF3 - 
Roseobacter sp.1 OppA - 
Roseobacter sp.2 OppA - 
Roseobacter sp.1 OppDF  +d 
Roseobacter sp.3 OppDF - 
Neptuniibacter caesariensis OppA + 
Neptuniibacter caesariensis OppDF + 
Vibrio sp.1 OppA - 
Vibrio sp.2 OppDF - 
a, same as names from Table 1.  
b, + as PCR products of expected size and – as no PCR products of expected size. 
c, no PCR products of expected size; only PCR products of unexpected and nonspecific size. 
d, PCR products of expected size along with other weaker PCR products of unexpected and nonspecific 
size.  
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Table A2.4. Comparison of Opp DNA and amino acid sequences similarities between 
selected sample genes and reference genes from NCBI. 
Sample Primera DNA  
Similarity (%) 
Amino acid 
similarity (%) 
2m 33h+49hb Roseobacter sp.1 OppDF NS 34 
17m 33h Roseobacter sp.1 OppDF NS 62 
17m 33h+49hb Roseobacter sp.1 OppDF NS 44 
17m 49h Neptuniibacter caesariensis OppA 94 95 
2m 22h Neptuniibacter caesariensis OppDF 95 97 
2m 49h Neptuniibacter caesariensis OppDF 96 96 
17m 33h Neptuniibacter caesariensis OppDF 95 92 
17m 49h Neptuniibacter caesariensis OppDF 96 94 
a, same as names from Table 1.  
b, two samples were combined for sequencing.  
NS, no significant similarity. 
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Figure A2.1. (a) AVFA decomposition, (b) peptide fragments produced from AVFA 
decomposition, (c) amino acids production from AVFA decomposition, (d) 
ammonium production from AVFA decomposition, (e) bacterial abundance 
changes and (f) percentage of 17 m rapid-growing bacterial genera in the C6 
station 2 m and 17 m seawater. All the data in this figure was replotted from 
Liu et al. (2013). 
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Figure A2.1 (continued) 
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Figure A2.2. PCR cycle number test. (a) Agarose gel of 17m 57h DNA PCR products 
with different cycle numbers using Neptuniibacter caesariensis OppDF 
(Nep OppDF) primer (241 bp PCR product) and 16S primer (~1465 bp PCR 
product). Lanes: 1, 1Kb Plus DNA ladder (Invitrogen); 2, Nep OppDF 
primer with 25 PCR cycles; 3, Nep OppDF primer with 30 PCR cycles; 4, 
Nep OppDF primer with 35 PCR cycles; 5, Nep OppDF primer with 40 
PCR cycles; 6, 1Kb Plus DNA ladder (Invitrogen); 7, 16S primer with 25 
PCR cycles; 8, 16S primer with 30 PCR cycles; 9, 16S primer with 35 PCR 
cycles; 10, 16S primer with 40 PCR cycles; (b) plot of the peak area of gel 
bands shown in (a) integrated using ImageJ vs. PCR cycles numbers. 
Exponential regression was shown for all 16S primer amplification samples 
and Nep OppDF primer amplification samples with 30, 35, 40 PCR cycle 
numbers.  
(a)                                           (b) 
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Figure A2.3. (a) Agarose gel of 2 m and 17 m AVFA incubation DNA PCR products 
using Neptuniibacter caesariensis OppDF (Nep OppDF) primer (241 bp 
PCR product). Lanes: 1, 1Kb Plus DNA ladder (Invitrogen); 2, 2m 10h 
sample; 3, 2m 22h sample; 4, 2m 33h sample; 5, 2m 49h sample; 6, 2m 57h 
sample; 7, 1Kb Plus DNA ladder (Invitrogen); 8, 17m 10h sample; 9, 17m 
22h sample; 10, 17m 33h sample; 11, 17m 49h sample; 12, 17m 57h 
sample; (b) Agarose gel of 2m and 17m AVFA incubation DNA PCR 
products using Roseobacter sp.1 OppDF (Ros OppDF, see name in Table 1) 
primer (300 bp PCR product). Lanes are same as (a); (c) plot of the peak 
area ratio between gel bands 2-6, 8-12 shown in (a) and their corresponding 
gel bands of DNA PCR products using 16S primer versus AVFA incubation 
time; (d) plot of the peak area ratio between gel bands 2-6, 8-12 shown in 
(b) and their corresponding gel bands of DNA PCR products using 16S 
primer versus AVFA incubation time; (e) plot of the peak area ratio in (c) 
normalized to bacterial abundance versus AVFA incubation time; (f) plot of 
the peak area ratio in (d) normalized to bacterial abundance versus AVFA 
incubation time. 
(a)                                           (b) 
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Figure A2.3 (continued) 
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